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Carbon peaking and carbon neutralization have become catalysts for the development of green finance in China. The possible risks of climate change are also being considered by an increasing number of financial institutions. Environmental pollution and deterioration have become the main drivers of China’s unbalanced and insufficient development in the new era. As a new financial model, green finance has attracted much attention from people and the society. Promoting and integrating this concept into economic transformation and ecological civilization strategies can guarantee China’s high-quality green development through economic ecology. This paper analyzes the relationship between the development of green finance and the development of economic ecology. The research conclusion is of great significance to speed up the construction of ecological civilization in China. Firstly, this paper analyses the spatial correlation between green finance and economic ecological development in China using the Moran’s index. Secondly, this paper constructs a spatial econometric model and performs a regression empirical analysis using the panel data of 30 provinces in China from 1999 to 2020 to understand the impact of green finance on China’s ecological development. Results show that green finance demonstrates strong spatial agglomeration and that the development of economic ecology maintains a stable spatial positive correlation. Moreover, the spatial difference in economic ecological development is more obvious than that in green finance development. The development of green finance not only has a significantly positive role in promoting the economic and ecological development of a certain province but also promotes the development of economic ecology in the surrounding provinces. The development of economic ecology itself generates a positive spatial spillover effect, that is, improving the economic ecological level of a province will also improve the corresponding level of the surrounding provinces.
Keywords: green finance, economic ecology, sustainable development, spatial effect, spatial econometric model
INTRODUCTION
Given that the construction of ecological civilization is fundamental in ensuring its sustainable development, China should continuously adhere to the strategic requirement of green development. Solving the tension between ecological environment and economic development is not only a common problem facing the world today, but also a severe challenge that China’s economy must deal with in the new era. China’s systematic project of ‘carbon peak and carbon neutralization, which involves a large number of stock asset transformation and incremental asset investment, aims to reshape the country’s energy and industrial structures. Whilst China’s dependence on energy input for its economic growth has decreased, its energy consumption remains in the deceleration growth stage of ‘total increase and growth decrease’. Since the reform and opening up, China has witnessed a rapid economic development. However, such growth is accompanied by several problems, including an excessive consumption of resources and a deteriorating natural environment, which are continuously growing severe. Pressures related to environmental protection threaten the driving force of China’s economic development and severely weakens its sustainability. Such threat also tends to bring irreparable harm to the lives and health of Chinese people. The persistence of air pollution and the sudden COVID-19 outbreak reflect the serious imbalance between man and nature. Therefore, realizing high-quality economic development through economic ecology is a fundamental way for China to achieve a harmonious development between man and nature.
As the blood and core of modern economy, finance is endowed with a ‘green’ mission. China’s green finance has made strides in improving the country’s legal and policy environment, scale and volume and the construction of its market institutions. Green finance is a huge engine of economic transformation and an inevitable choice for the development of ecological economy. Such practice, as represented by green credit, has been in the global forefront. China has become the first country in the world to promote the construction of a ‘green financial system’ by the government ‘from top to bottom’. The report of the 19th National Congress of the Communist Party of China identified green finance as an important direction of China’s financial reform. Accordingly, scholars at home and abroad have focused on how to guide the flow of funds, optimize the allocation of resources, improve environmental governance and promote the ecological development of an economy through green finance. China also faces three problems that need urgent solution: 1) how to integrate the green concept into the financial industry, 2) how to improve the scale and efficiency of green finance and 3) how to obtain better prospects for the ecological development of China’s economy. Green finance can promote industrial upgrades and accelerate the transformation of economic development from traditional resource consumption growth to environment-friendly growth guided by technological innovation. Green finance can also guide the investment of social funds in green projects consistent with the maximization of social welfare and cultivation of new economic growth points. Improving green finance is critical to optimizing and upgrading China’s industrial structure and promoting the ecological development of its economy. The main task of the Chinese government is to establish a green financial environment, explore and support green financial institutions, and strengthen the green financial market.
However, research on green finance at home and abroad remains in its infancy. Despite the continuous development of green finance and economic ecology, relevant studies have mostly focused on the qualitative aspect of these topics, and empirical studies are relatively scarce. Moreover, previous studies have explained the role of green finance in promoting economic ecological development only through qualitative analysis. Empirical research is critical to improving our understanding of how green finance influences economic ecology. Therefore, this paper has important research value in both theory and reality. This paper performs a quantitative evaluation based on the connotations of green finance and economic ecology and takes spatial factors into consideration to systematically analyse and elaborate the mechanism behind the impact of green finance on economic ecology. The results of this work offer theoretical significance by providing novel ideas related to green finance and sustainable economic development. Using China’s provincial panel data, this paper empirically analyses the spatial and spillover effects of green finance on economic ecological development. The findings can help China leverage the supporting role of green finance in transforming its economic development model and have practical significance for the current development of green finance in China.
LITERATURE REVIEW
Review of Green Finance Research
Since its introduction in the 1980s, green finance theory has attracted the attention of scholars at home and abroad, who define such concept as a bridge that connects the financial industry to the environmental protection industry (Scholtens and Dam, 2006). Green finance promotes the protection of environmental resources and the coordinated development of economy through the operation of financial business in order to realize a sustainable development of the financial industry (Robyn et al., 2018). Green finance is a complete system with multiple institutions and links (Beck et al., 2016). This concept acts as a financial lever that achieves environmental protection goals by supporting specific industries (Taghizadeh-Hesary and Yoshino, 2019). Salazar (1998) compared the operation modes of traditional finance and green finance and found that the latter connects the financial and environmental industries, guides the investment of funds in the environmental industry, and promotes the sustainable development of an economy. Green finance aims to integrate green economy and traditional finance and invests the funds gathered from the financial market in the environmental protection industry (Carolyn, 2017). This market-based financial instrument transfers environmental risks and promotes the improvement of environmental quality (Megan and Stephen. 2019). Apart from coordinating the development between the financial industry and environmental protection economy (Jeucken, 2006), green finance also reduces the emission of environmental pollutants, improves resource utilization efficiency, mitigates climate change and supports investment and financing activities for human sustainable development (Leonidas et al., 2019). Green finance requires the financial industry to carry out their financial business based on the principles of environmental protection and sustainable development in order to realize a coordinated development of resources, environment, economy and society (Ma, 2015). This instrument provides financial support for environmental protection (Lan, 2016) and promotes the development of the economy, society and environment through a rational allocation of resources (Liu and Peng, 2019).
Green finance invests funds in low-energy-consumption and energy-saving sectors (Pasquale et al., 2018). This instrument also curbs the development of high-energy-consumption and high-pollution enterprises, stimulates the transformation of enterprise development mode and establishes a solid micro foundation for rapidly promoting economic ecological development (Sachs et al., 2019). By building an incentive mechanism for the green finance development, the government contributes to the sustainable development of the environment and economy (Bergset, 2015). Green finance can positively promote sustainable economic and social development (Gilbert and Zhao, 2017) and effectively promote China’s shift from a traditional mode of production to a new mode with low energy consumption, low pollution and high output (Yan, 2021). Improving green development level is conducive to the sustainable development of the financial industry (Liu and Liu, 2020). Green finance not only promotes the formation of an efficient industrial model and an environmentally friendly energy structure but also broadens enterprise financing channels and promotes sustainable economic development to a greater extent (Wang, 2019). This instrument not only promotes the development of energy conservation and environmental protection technologies, the adjustment of energy structures and the energy conservation and emission reduction of enterprises but also plays an important role in transforming China’s economic structure (Zhang, 2018). Financial institutions engaged in green finance business not only meet the capital needs of environmental protection projects and ecological civilization construction but also reduce their own operational risks in policy regulation and achieve sustainable development (Yu, 2020). A new approach to investing money is green investments. Green investments are part of the green economy that contributes to the sustainable development concept. Nowadays, many banks in Europe, as well as many financial institutions in general, have realized the need to change their business activities, and must pay attention to “how to invest” (Djukic et al., 2021).
The development level of green finance is primarily measured based on green financial instruments, environmental improvement and the attention of local governments to such development. Evaluating green finance from a macro perspective and examining a country’s green finance and environmental protection levels as a system are critical (OECD, 2007). By performing a questionnaire survey and staking the environmental protection attitude of the banking industry as the starting point, this study builds a 5D green finance evaluation index system and concludes that green finance will be an inevitable path for banks to achieve sustainable development (Jeucken, 2001). By measuring green finance at home and abroad, this paper analyses the changes in China’s green finance development level from 2010 to 2012 (Zeng et al., 2014) and measures the development of green finance based on the government’s environmental protection expenditures, proportion of loans from financial institutions and amount of financing invested by listed companies in energy conservation and environmental protection. This paper also empirically analyses how economic growth affects green finance in China from a broad and narrow perspective (Qiu, 2017). The development of national green credit, green stocks, green bonds, green investment and green GDP is measured based on various financial indicators of environmental protection companies, and the development level and efficiency of national, inter-provincial and regional green finance are subsequently analyzed (Zhang et al., 2018). By using a green financial development index system built based on China’s high-speed and new normal economic development stages, this paper reveals a high green development level in Central China and suggests that the entire country should learn from the green financial development policy of this region (Zhou and Tian, 2019).
Review of Economic Ecology Research
Economic ecology is a relatively new research direction, and research on the theory of economic ecology at home and abroad remains at its infancy (Managi et al., 2021). An economic development model focused on economic growth will lead to resource depletion, environmental degradation and eventually economic recession, and such problem can only be addressed through a harmonious and sustainable human, economy and environment development (Lester, 2003). Economic ecology originates from the strong demand for a harmonious economy and environment development. The ecological development of an economy follows the laws of economy and nature, coordinates the development among industries, regions, investment and consumption, synchronizes economic growth rate and quality and pursues a rational, resource-saving and environment-friendly economic progress (Xie and Cao, 2010). Economic ecology aims to develop the economy following the concept of ecology and improves the sustainability of economic development (Yuan, 2019). Economic ecology is also the only way for humans to construct an ecological civilization. People must regulate and control their natural ecosystem under the objective laws of the ecosystem and ecological process. Unlike ecological economy, economic ecology abandons the mechanistic theory centred on the logic of economize. This concept, which carries many philosophical implications, aims to integrate the development of economic laws on the premise of respecting ecological laws (Cao, 2013). Ecological economic development is an essential requirement for integrating ecological civilization construction into economic construction (Chen et al., 2015). Economic ecology aims to develop the economy whilst protecting the environment on which humans depend, which would require promoting environmental protection awareness and improving environmental protection measures throughout the economic development process (Zhou, 2017). If such process violates ecological laws and destroys the ecosystem, then economic ecology cannot meet the needs of human sustainable development (Zhang, 2020).
Economic ecology theory has only experienced more than 10 years of evolution starting from its proposal to its empirical analysis in China’s context (Wang et al., 2019). Related studies have mostly measured the development level of economic ecology from the aspects of environmental protection, energy utilization, economic development, economic structure and scientific and technological innovation (Chami et al., 2002). On the basis of the balanced relationship between regional ecological efficiency growth and environmental protection investment, this study constructs a regional ecological economic evaluation model and assumes that regional ecological efficiency can be used as an index to measure the degree of coordination between economic development and environmental protection (Guo and Guo, 2006). This study uses a regional ecological and economic comprehensive evaluation index, ecological footprint, ecological efficiency, Energy analysis and model analysis to evaluate the ecological development of a regional economy (Liu, 2009). This study also discusses the construction of an economic ecological system. According to the dynamic and regional characteristics of ecological civilization, this paper studies and constructs an index system comprising the four dimensions of growth mode, industrial structure, consumption mode and ecological governance and uses the efficacy function method to evaluate the effect of the ecological civilization construction in Jiangsu Province from 2000 to 2007 (Gao and Huang, 2010). By taking 31 provinces in China as research objects, this study constructs an ecological civilization evaluation index system comprising the four dimensions of optimal land and space layout, resource and energy conservation and intensive utilization, ecological environment protection and ecological civilization system construction and then calculates the ecological civilization development index of each province. Afterwards, this study adopts the spatial auto-correlation method to analyse the spatial distribution and evolution pattern of the development level of ecological civilization in China (Cheng et al., 2015). This study also builds a multi-index framework system for studying China’s economic ecological development from five aspects, namely, industry, park, technological innovation, county and private. Four statistical methods are employed for the quantitative measurement and analysis to test the differences and multidimensional nature of economic ecological development from various perspectives (Chen et al., 2015). This study also builds an ecological civilization evaluation index system that includes the six dimensions of economic ecology, space greening, ecological capitalization, resource intensification, environmental health and people’s well-being. The Lagrange function optimization comprehensive weight method is adopted to measure the construction level of ecological civilization in 26 provinces of China from 2013 to 2017 and to identify its driving factors (Wu, 2019). The government needs to implement certain regulations while expanding trade to minimize the negative effect of non-renewable energy consumption and should also put certain limitations on population moving from rural to urban destinations (Han et al., 2022).
Review of the Relationship Between Green Finance and Economic Ecology
Economic development brings environmental problems, as well as the pressure of economic green transformation, and finally gives birth to green finance. Researchers generally believe that green finance is an important means to promote the ecological development of an economy (Zheng, 2020). Green finance is the product of green economy development in a certain period that can also promote the sustainable development of an economy by accelerating the upgrading of its industrial structure and the transformation of its economic structure (Deng, 2008). Green finance invests social resources into environment-friendly and environmental protection industries through financial instruments and financial power. This concept also promotes the development and growth of green industries, thereby changing the economic development mode to something sustainable and ecological. The ecological development of a regional economy is the goal, and green finance is the means. The essence of green finance lies in policy guidance, which promotes the investment of social resources into green industries that protect the ecological environment and promote the ecological development of regional economies (Zhang, 2000). This research starts from the macro and micro aspects, takes green finance as an independent variable and economic development as a dependent variable, performs a regression analysis and concludes that green finance can promote sustained economic growth (Lin, 2011). Green finance also promotes the sustainable development of regional economies, and those environmental protection industries with close ties to green finance generally have good profitability and development (Li and Xia, 2014). The objective is to induce the private participation in green finance and investment and paper contributes to literature by proposing two applied frameworks, backed by theoretical models on green finance and investment based on projects size (Taghizadeh-Hesary and Yoshino, 2019). With profit-making as its fundamental purpose, a financial market promotes a continuous expansion of the green industry and generates stable economic benefits (Chen, 2020). Green finance is considered a financing method for promoting sustainable economic development, that is, the funds gathered in financial markets are invested in green sectors to shift the current economic development mode to an environment-friendly type (Gong, 2018). Based on SRI theory, study investigates the relationship between green banking practices and their direct and indirect impact on environmental performance (Rehman et al., 2021). Therefore, the scale of green economy formed by promoting the ecological development of a regional economy is a necessary guarantee for the development of green finance (Liu and Peng, 2019). The result demonstrate an inverted U-shaped relationship of the determinants of the financial system and environmental quality (Zeeshan and Afridi, 2021).
Review of Existing Research
Previous studies have often adopted ordinary panel regression analysis to investigate the impact of green finance on economic ecological development. However, these studies have ignored spatial geographical factors. In real societies, regions and provinces do not exist independently, and the economic factors among provinces are more or less related due to the influence of geographical location. Therefore, spatial factors cannot be ignored when studying real economic problems. By constructing a spatial econometric model, this paper considers spatial factors in empirically examining the impact of green finance on economic ecological development. The innovation of this paper lies in its use of an evaluation index system of green finance development and economic ecologicalisation to empirically explore the spatial effect of green finance development. The economic ecologicalisation development index is taken as the explanatory variable, whereas the green finance development index is taken as the explanatory variable. The spatial spillover effect of green finance and economic ecologicalisation is fully considered by adding spatial factors. This paper not only analyses the impact of green finance development in a certain province on ecological development of the same province’s economy but also studies how the green finance development level of surrounding provinces affects the ecological development of a province’s economy. This paper also presents a comprehensive measurement of the spatial spillover effect and has strong guiding significance for policy adjustment.
RESEARCH FRAMEWORK AND METHODS
Mechanism of Green Finance Affecting the Ecological Development of an Economy
This paper organically combines economic ecology with green finance. Using provincial data, this paper takes green finance as the explanatory variable and economic ecology as the explanatory variable to analyze the effect of Green Finance on the development of economic ecology. Thus, this paper discusses the strong support of green finance for economic development. Green finance plays a remarkable role in promoting a low-carbon lifestyle, which can improve top-level designs, strengthen information disclosure and innovate financial products. Therefore, the government should strengthen the incentive and restraint mechanisms of green finance. Penalties should be clearly defined for behaviors and market players that violate the principle of green and low carbon, and the cost of violating related laws and regulations should be increased by restricting market access and financing and implementing other restraint means and disciplinary measures. Green finance mainly affects financial institutions through the support of government policies and the investment willingness of the public. After obtaining funds, financial institutions promote green projects and green production through capital support, capital allocation, risk dispersion and enterprise supervision, thereby promoting the ecological development of economy. The core of ecological development lies in the development of the green industry. Financial institutions evaluate enterprises with limited fields and production forms. These institutions guide the flow of social capital into high-quality environmental protection enterprises and provide financial support for green industries. Green finance can improve the environmental friendliness of enterprise production, increase the output of green industries and promote the ecological development of an economy. Capital allocation is the core function of finance. Green finance can transfer enterprises with high pollution, high consumption and overcapacity of financial resources to efficient production enterprises with low pollution and consumption. The financial market optimizes capital allocation through green finance, which can encourage enterprises to use more funds to develop new technologies and products. In this way, green finance achieves the goals of energy saving, emission reduction and clean production.
The key to ecological development lies in the green technology innovation. Technological innovation is often characterized by high risks and returns. Green finance gathers social capital to be invested in green technology R&D. Investors with relevant rights and interests reap huge profits from successful R&Ds with enterprises and endure the risks associated with R&D failure. Therefore, enterprises are confident in carrying out green technology R&D. After securing the necessary financing, given the information asymmetry between two parties, an enterprise may demonstrate slacking behaviour, which would result in the loss of investment funds. At this time, financial institutions need to supervise the financing enterprises in real time, and enterprises are required to give information feedback to financial institutions in a timely manner. Banking plays a dominant role in China’s financial market, whereas green credit is the main form of green finance. As the creditor, the bank can track and detect the capital flow of an enterprise and understand its internal management and product operation procedures. Therefore, the business behaviors of banks need to be standardized, and enterprises should be supervised when carrying out environment-friendly production using the obtained funds.
Taken together, the mechanism behind the effect of green finance on economic ecologicalisation can be summarized as follows. The financial support focuses on the provision of green industry funds. Capital allocation focuses on improving capital utilization efficiency. Risk dispersion focuses on solving the R&D challenges faced by enterprises. Supervision focuses on facilitating the green management of enterprises and pursuing ecological development.
Model Building
This paper mainly discusses the influence of green finance on the ecological development of an economy. The basic model can be expressed as
[image: image]
where EEit is the economic ecological development level of province i in year t, where i = 1, 2, 3 .., 30, GFit is the development level of green finance in province i in year t and Xit is another control variable that affects the level of economic ecologicalisation. The control variables involved in this research mainly include pollution emission degree, energy use efficiency, proportion of tertiary industry, urbanization rate, proportion of coal consumption and level of science and technology. εit denotes the error term.
Regions in an economic ecology demonstrate a spatial dependence. Green finance and the related control variables also show a spatial correlation effect on the ecological development of interrelation economy. All these variables may have a spatial spillover effect on the surrounding areas. Given that the spatial spillover benefits of economies have complex impact paths, merely adding control variables cannot sufficiently account for all spatial spillover effects. Therefore, this study needs to consider the spatial factors based on formula (1) and adopt the panel spatial econometric model for the empirical analysis. This study further introduces the spatial lag term of the explained variable, explanatory variable and error term to control these spatial interaction effects. The basic form of the spatial measurement model is presented as follows:
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where Yit is the explained variable, which is the economic ecological development level of province i in year t, Xit is the explanatory variable, which includes 7 variables denoting the green finance development level of province i in year t and 6 control variables, μi is the individual effect, γi is the time effect, ρ and λ are the coefficients of the spatial lag term, β is the spatial interaction term coefficient, W,i is the spatial weight matrix and εit and νit are the error terms.
From the perspective of externality, the spatial econometric model considers spatial correlations to highlight the impact of factors in one region on other regions. Various spatial econometric models describe different transmission mechanisms and represent different economic meanings. Three spatial econometric models are used in this study, namely, the panel spatial auto-regressive model (SAR), which only contains the spatial auto-correlation of the explained variables, the spatial Doberman model (SDM), which adds the spatial auto-correlation term of explanatory variables based on the model, and the spatial error model (SEM), which only contains the spatial auto-correlation term of the error term. The SAR model assumes that the economic ecological level of one region affects the economic ecological development of other regions through spatial interaction (λ = 0,εit = νit,ρ≠0,β = 0). The SDM model assumes that the economic ecological development of a region is affected not only by local explanatory variables but also by the economic ecological level and explanatory variables of other regions (λ = 0,εit = νit,ρ≠0,β≠0). The SEM model assumes that the spatial effect is mainly transmitted through the error term and that the spatial spillover effect is the result of random impact (λ≠0,εit = λW, iεi+νit). These three spatial econometric models are formulated as follows:
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Description of Variables
Explained Variable: Economic Ecological Development Index
The evaluation index system of economic ecology is constructed from the five dimensions of environmental health, resource conservation, economic development, structural optimization and scientific and technological progress. Environmental health is measured by three indicators, namely, pollution discharge, pollution control and environmental optimization, whereas resource conservation is measured based on energy, water and land resources. The transformation of the economic structure due to the short-term shift of economic development to an ecological direction leads to an economic downturn. Economic development is mainly reflected in the two aspects of economic growth and people’s life. Structural optimization mainly considers three levels, namely, industrial structure, urban–rural structure and energy structure. The progress of science and technology inevitably improves both resource utilization efficiency and production efficiency and can reduce the utilization of resources and pollution emissions and promote the development of economic ecology. Scientific and technological progress is quantified through scientific and technological R&D and technology use. The entropy method is used to calculate the economic ecological development index of 30 provinces, municipalities and autonomous regions (excluding Tibet, Hong Kong, Macao and Taiwan) in China from 1999 to 2020.
Explanatory Variable: Green Financial Development Index
Given that China’s green finance is still in a period of growth, various green finance works are still in the experimental stage, and some related data, apart from being difficult to obtain, have limited systematization and coherence. Fortunately, the selected indicators in this study are currently available. This study constructs a green finance development evaluation index system to evaluate the development level of green finance from the four dimensions of green credit, green investment, green insurance and government support. The ratio of interest expenditure of high-energy-consuming industries to the interest expenditure of industrial industries can indirectly express the loan scale proportion of high-energy-consuming industries, which is the performance of green credit reverse control of the development of high pollution and high consumption industries. Green investment is measured by the proportion of environmental pollution control investments in GDP and can directly reflect the development scale of green environmental protection industry and the importance of the entire society to the development of the green industry. The green insurance index is expressed as the ratio of agricultural insurance income to total agricultural output value. Given that agriculture is greatly affected by changes in the natural environment, this industry can clearly reflect the development of green insurance. Government support is reflected by the proportion of fiscal environmental protection expenditure in the general budget expenditure. Government support for environmental protection plays an important role in promoting the establishment of environmental protection enterprises, reducing environmental pollution emissions and improving the environmental awareness of the whole society.
Control Variables
The control variables selected in the study cover six aspects, namely, pollution emission degree, energy use efficiency, industrial structure, urbanization level, energy structure and scientific and technological level. The degree of pollution emission is computed as industrial sulphur dioxide emissions divided by actual GDP. Energy efficiency is computed as real GDP divided by total energy consumption. Industrial structure is computed as added value of the tertiary industry divided by GDP. Urbanization level is computed as urban population divided by total population at the end of the year. Energy structure is computed as coal consumption divided by total energy consumption. Scientific and technological level is computed as turnover of technology contracts divided by GDP.
Data Sources
A panel data of 30 provinces in China from 1999 to 2020 are used as the sample. These data are mainly collected from the China Statistical Yearbooks for years 2000–2021, the statistical yearbook of various provinces, the China Environmental Statistical Yearbook, the China Insurance Yearbook, the China Energy Statistical Yearbook and the China Science and Technology Statistical Yearbook. The missing data are calculated using the 5-year average method.
EMPIRICAL RESULTS AND ANALYSIS
Spatial Correlation and Heterogeneity of Green Finance and Ecological Economic Development in China’s Provinces
The development level of green finance in China demonstrates some regional characteristics. Provinces in the same region show similar development trends, and provinces from different regions show differences in their green finance development level. As a financial model, green finance development depends on the real economy and traditional finance. The business promotion and operation of green finance depend on geographical factors. The development of green finance has strong spatial agglomeration and heterogeneity. Ecological economic development aims to emphasize a coordinated development of the economy and environment. Given that the economy and environment are closely related to geographical conditions, the development of economic ecology also shows obvious spatial characteristics. This study then analyses the spatial correlation between green finance and economic ecological development across 30 provinces in China. This procedure serves as an important basis for the subsequent spatial econometric analysis.
This study uses spatial auto-correlation index (Moran’s index) to measure the overall correlation between green finance and economic ecological development. The global Moran’s index ranges between –1 and 1, with an index greater than 0 indicating a positive correlation among the observed values. A larger Moran’s index corresponds to a stronger spatial positive correlation and a greater intensity of agglomeration. Meanwhile, a Moran’s index of less than 0 indicates a negative correlation, with a smaller Moran’s index indicating a stronger negative correlation of space and a lower agglomeration intensity. To set the spatial weight matrix Wij, this study uses the spatial adjacency matrix W0-1, spatial distance weight matrix Wd and economic distance nested weight matrix Wed to quantify the influence of various factors in the neighbourhood from geographic and economic aspects. Table 1 shows the Moran’s index of the spatial correlation between green finance and economic ecological development.
TABLE 1 | Moran’s index of the spatial correlation between green finance and economic ecological development.
[image: Table 1]Table 1 shows that the Moran’s index of green financial development is significantly positive as a whole under any weight matrix. Therefore, the development of green finance in China shows a strong spatial positive correlation. Results for the distance weight matrix and economic distance nested weight matrix show huge differences in the spatial aggregation of green finance development across various periods. The spatial aggregation characteristics of green finance development have also weakened in recent years. Meanwhile, the Moran’s index value of economic ecological development is lower than that of green finance development. However, the Moran’s index shows a significant positive spatial correlation under the distance weight matrix. The development of green finance and economic ecology is obviously affected by geographical factors as reflected in their significant spatial correlation and strong spatial aggregation. Green finance also shows an obvious development momentum in the eastern and central regions of China. The eastern region, especially the coastal areas, also demonstrates a high level of economic and ecological development. Green finance development is shown to positively influence the development of economic ecology, thereby providing a practical basis for the spatial empirical analysis of the impact of green finance on economic ecology. A spatial correlation is also observed between China’s green finance and economic ecological development. Therefore, a spatial spillover effect is inferred between green finance and economic ecological development. Specifically, the level of green finance in a region not only affects the economic and ecological development of the region but also affects that of its surrounding regions, and vice versa. Therefore, this paper empirically investigates the impact of green finance on economic ecological development by constructing a spatial econometric model.
Analysis of Spatial Influencing Factors
Table 1 confirms the spatial spillover effects of the economic variables, thereby suggesting that the traditional ordinary least squares (OLS) estimation may bias the empirical results. In this case, the maximum likelihood (ML) estimation method is used for regressing the spatial econometric models. To comprehensively reflect the robustness of the parameter estimation results, the Stata software is used to estimate the model along with the empirical idea of ols-sar-sem-sdm. Given the large values of explanatory variables PE, Ti, ur and es, they are included in the regression in a logarithmic form. Table 2 shows the results of ordinary panel regression without the spatial weight matrix. The fixed effect model or random effect model is adopted for the ordinary panel regression. Results of the Hausman test support the use of the fixed effect model for the ordinary panel estimation.
TABLE 2 | Estimation results for the common panel regression parameters.
[image: Table 2]Table 2 shows that under the four regression methods of ordinary panel regression, the goodness of fit (R2) exceeds 0.8, thereby suggesting the good fitting effect of the model. Results show that the parameters of the explanatory and control variables of panel data are highly significant, and the symbols of the regression coefficients are in line with economic reality. Furthermore, the results of the mixed OLS estimation for the three weight matrices are tested by LM-lag, R-LM-lag, LM-err and R-LM-err to distinguish the advantages and disadvantages of SAR and SEM regressions. As shown in Table 3, the overall Moran’s index of these three weight matrices is significantly greater than 0, thereby indicating a significant spatial correlation. Apart from the LM-lag test of the adjacency matrix and the LM-lag and R-LM-lag tests of the distance weight matrix and the economic distance nested matrix, the other test results are significant at the 1% level. Therefore, the SEM model is more suitable than the SAR model in these three matrices. Meanwhile, results of the Hausman test for the spatial Dobbin model under the three weight matrices support the fixed effect spatial econometric model. The LR test of the SDM model also pass the significance test at the 1% level, indicating that the SDM model with fixed effect cannot be simplified into the SAR and SEM models. Therefore, the SDM model containing the explained variable and the spatial lag term of the explanatory variable is more suitable for estimating the panel data. To comprehensively reflect the robustness of the empirical results, this study also estimates the panel data using SAR and SEM models. Table 4 shows the regression results of the SAR, SEM and SDM models under the three weight matrices.
TABLE 3 | LM test results under the three weight matrices.
[image: Table 3]TABLE 4 | Estimation results of the spatial measurement model under the three weight matrices.
[image: Table 4]Table 4 shows that the spatial auto-regressive coefficient ρ of SDM is significantly positive under three spatial weights. An endogenous spatial interaction effect is also observed between regions. These results indicate that the development of economic ecology has significant spatial correlation characteristics, and those regions with high economic ecology development show agglomeration in space. The economic ecological development of one region also promotes that of the adjacent areas through a spatial spillover effect. The spatial auto-correlation coefficient of the SEM model λ suggests that the spatial interaction effect of the random error term is also an important factor leading to the spatial dependence of regional economic ecological development. In the case of the three spatial weight matrices, the regression coefficients of green finance development index in the SAR, SEM and SDM models are significantly positive, indicating that green finance plays a significant role in promoting economic ecological development.
Among the control variables, the degree of pollution emission and the proportion of coal consumption significantly inhibit the development of economic ecology. Meanwhile, energy efficiency, proportion of the tertiary industry and level of science and technology positively promote the development of economic ecology. In the SDM model regression, the spatial lag coefficient of the green financial development index is significantly positive under the three weight matrices, thereby suggesting that the development level of regional green finance has a significant positive spatial spillover effect on economic ecological development. The spatial lag coefficient of pollution emission is also significantly positive, which indicates that the aggravation of pollution emission in a certain area will improve the ecological level of the surrounding regional economy. This finding may be ascribed to the fact that areas with rapid economic and ecological development will transfer their heavily polluted production to adjacent areas.
Spatial Effect Decomposition
Although Table 4 highlights a spatial dependence on the level of regional economic ecology, these results cannot fully reflect the marginal impact of green finance and various control variables on the development of economic ecology. In other words, these results cannot judge the amount of spatial spillover effect of green finance on adjacent areas. Therefore, merely relying on the point estimation results of spatial measurement to analyse the impact of explanatory variables on the explained variables and the spatial spillover effects may lead to wrong conclusions. In addition, the influence of explanatory variables on the explained variables cannot be simply analyse using regression coefficients. Therefore, this study adopts the partial differential method to compensate for the limitations of point estimation in explaining the spatial effects. The influence of the explanatory variables on the explained variables in the spatial econometric model is divided into direct and indirect effects (also called spatial spillover effect). The spatial spillover effect results from the influence of independent variables in one region on the dependent variables in the surrounding regions. Given that the R2 value of the SDM model is the highest under the three weight matrices as shown in Table 4, the direct and indirect effects in this model are further estimated. Results are shown in Table 5.
TABLE 5 | Decomposition of the effects of green finance on economic ecological development.
[image: Table 5]Table 5 shows that the direct effect of green financial development index on economic ecology is significantly positive in the three matrix cases. In other words, green finance significantly promotes the ecological development of an economy. Therefore, a region can accelerate the transformation of its economic development mode by innovating green financial products and increasing its green finance scale, which will eventually give birth to green enterprises, improve industrial production efficiency, promote the sustainable economic development of regions and improve the environmental friendliness of economic development. The spatial spillover effect of green finance is significantly positive across the three matrix cases, which suggests that improving the green finance development level in a region generates a positive spatial spillover impact on the economic and ecological development of the surrounding areas. Therefore, the development of green finance not only improves the economic ecological level of a region but also that of adjacent areas. By comparing the individual fixed estimation results of OLS, the direct effect coefficient of green financial development as estimated by the SDM model is greater than that estimated by OLS. Therefore, the regression results become biased when the spatial effect is not considered, consequently underestimating the direct effect of green finance on economic ecology.
For the control variables, pollution emission has a negative effect on the economic and ecological development of a province. A greater degree of pollution emissions corresponds to a lower level of economic ecology. However, pollution emission has a positive spatial spillover effect. Specifically, a higher pollution emission in a province corresponds to a higher economic ecological level in the surrounding provinces. In this case, the provinces surrounding an area with high economic and ecological level also have a high pollution emission degree. This finding, which is consistent with the spatial lag coefficient of pollution emission degree in the SDM regression, can be ascribed to the fact that the expansion and transfer of industry increases the pollution emissions in the surrounding provinces yet reduces the pollution emissions in the core province, thereby promoting the ecological economic development of the latter. However, the ‘beggar thy neighbour’ effect, which inhibits the economic and ecological development of the surrounding provinces, is also observed. The direct effect and spatial spillover effect of the proportion of coal consumption are significantly negative, thereby suggesting that reducing the proportion of coal will significantly promote the ecological development of the surrounding provinces. The above results also point to a high correlation in the energy structures of different provinces. The direct effects of energy efficiency, proportion of tertiary industry and level of science and technology are all significantly positive, whereas their spatial spillover effect is significant yet negative. In this case, increasing these three indicators will promote the economic ecological level of a province but negatively affects the economic ecological development of the surrounding provinces to varying degrees. These indicators show certain spatial limitations in promoting economic ecological development, and the relevant indicators are not enough to promote and enhance the overall economic and ecological development of a region. The links among provinces in their energy efficiency, tertiary industry development and scientific and technological innovation are also not tight enough. Given that scientific and technological innovation is relatively easy to coordinate and communicate across different provinces, technical exchanges among provinces can be further strengthened. By jointly improving the level of science and technology, the government can strive to transform the negative spatial spillover effect into a positive one. The model results for the direct and indirect effects of urbanization rate are not significant, hence suggesting that improving the urbanization level does not significantly affect the economic and ecological level of a province and its surrounding provinces probably due to the fact that increasing urbanization rate is a long-term continuous process that lags behind economic and ecological development.
CONCLUSION
Through a theoretical discussion about the impact mechanism of green finance on economic ecology, this paper empirically analyses the spatial evolution law and spatial spillover effect of green finance and economic ecology across 30 provinces in China by using a spatial econometric model. Results show that the development levels of green finance and economic ecology in China have greatly improved. Green finance shows a strong spatial agglomeration, and its demonstration zone shows an obvious effect. The development level of green finance has gradually evolved from ‘strong in the west and weak in the east’ to ‘strong in the east and weak in the west’. The development of economic ecology has maintained a stable spatial positive correlation. The spatial difference of China’s economic ecological development is more obvious than that of its green finance development. Ecological economic development also produces a positive spatial spillover effect. Specifically, improving the economic ecological level of a province will also increase the economic ecological level of the surrounding provinces. Green finance is an important driving force to promote sustainable economic development. Green finance plays a great role in the healthy and stable development of economy and ecology. Green finance can significantly promote the ecological development of regional economy. In the future, we can promote the ecological development of regional economy by improving the development level of green finance. However, it should also be noted that due to the great differences in the level of political, economic and cultural development among regions in China, the development of green finance and the ecological level of regional economy is relatively unbalanced. Banks lack the innovation power of green credit products. At present, the green financial products of banks are basically original products and lack innovative products. The overall development level of green finance in China is low, and the enthusiasm of enterprise departments to undertake social responsibility is not strong. The development level of domestic green finance is unbalanced, and most regions do not have a perfect green financial system. Therefore, the top-level design of financial institutions is very important.
POLICY IMPLICATIONS
We should give full play to the regional driving role of green finance and build a perfect and multifaceted green financial system. Provinces and regions are interconnected to share information and expand the positive spatial spillover effect of green finance. The growth pole of green finance development level needs to be cultivated and leveraged to drive the development of green finance in the surrounding provinces. The rational use of green financial instruments should be encouraged, the development of green industries should be promoted and new economic growth points should be established. An efficient path for green finance also needs to be established to promote economic ecological development, to leverage the power of green finance and to realize harmony and synchronization between economic growth and economic ecological development. As an important platform for green finance, financial institutions must establish a perfect green financial credit system. A preferential green credit system can encourage enterprises to carry out green production and enhance their environmental protection awareness. The government should formulate unified green finance verification standards and create a green project library to lay a good foundation for financial institutions to issue loans and investors to invest in projects. The government should open up an exclusive channel for the mortgage guarantee of green assets and green credit secularization, so as to mobilize the enthusiasm of enterprises to invest in green industries. On the basis of giving full play to the role of the market, the government should introduce incentive policies for green industries. The government should improve the enterprise environmental information disclosure system and promote the construction of green financial infrastructure.
RESEARCH LIMITATIONS AND FUTURE PROSPECTS
Although green finance has attracted much attention, relevant green development data and materials remain scarce. Therefore, this study merely used empirical methods and variable data, thereby limiting the depth and comprehensiveness of its empirical analysis. Although this research analyzed the spatial relationship between green financial development and economic ecological development in detail, the available data sources required for the research design are limited. Future studies should comprehensively deepen the findings of this work by using available data.
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This paper aims to empirically examine the impact of institutional pressure on green supply chain management (GSCM) efforts and the moderating role of big data analytics capabilities (BDAC) on organizational performance. This study greatly develops a research model by integrating institutional theory, the natural resource-based view (NRBV), and dynamic capability theory to explore this relationship. This article is based on structured questionnaire data of 347 supply chain personnel. We employed structural equation modeling to verify the research hypotheses. The findings provide empirical support for institutional pressures affecting GSCM efforts and organizational performance. The results also showed that the moderating effect of BDAC positively strengthened the impact of GSCM effort on organizational performance. The findings extend and refine the existing GSCM literature, providing new insights for scholars to explore this view further. Practitioners can turn their attention to incorporating institutional pressures and advanced technologies into organizational decision-making, even in times of crisis such as Covid-19.
Keywords: institutional pressure, technology innovation, GSCM, BDAC, SEM
1 INTRODUCTION
Growing social and ecological degradation puts pressure on the supply chain (SC) to prioritize green sustainability (Zhu et al., 2022). However, the organizational environment is volatile, especially during “black swan events” such as Covid-19, which was declared a pandemic in March 2020 (Adhanom Ghebreyesus, 2020), causing uncertainty and panic across the globe. The rapid and unprecedented outbreak of Covid-19 has seriously disrupted the organizations’ SC. Despite the volatility, organizations may not stay away from the market as they still need different SCs and services to effectively use their investable surplus (Talwar et al., 2021). With the rise in ecological consciousness during Covid-19, green supply chain management (GSCM) has gotten plenty of attention from scholars and practitioners (Lee et al., 2012; Zhu et al., 2016; Wang et al., 2020; Wang and Yang, 2021). GSCM reduces the environmental impact of industrial activities (Wu, 2013), improves energy efficiency, assists in the environmental implications of SC activities (Li et al., 2020), develops collaboration among stakeholders (Kitsis and Chen, 2021), and leads to organizational performance (Geng et al., 2017; Shahzad et al., 2020). Even though prior findings have pointed to the need of integrating diverse GSCM practices, less research has been done into the prospective interdependences and application consequences of institutional factors and capabilities to identify organizational performance.
The institutional pressure inside a corporation allows initiatives to dominate social, financial, and environmental values (Liu et al., 2010; Thong and Wong, 2018; Anthony, 2019). For the growth and sustainability of the organization, managers conform to the system and are isomorphic with the institutional environment, as this is the central tenet of institutional thinking, following social expectations and gaining legitimacy (Latif et al., 2020). Theoretical and empirical research has explored the implementation and effect of GSCM practices using financial, operational, and environmental measures on selected performance outcomes (Glover et al., 2014; Gupta et al., 2020; Ghosh et al., 2021; Zhang et al., 2021), but has not discussed the isomorphic view of engaging organizations in promoting GSCM efforts and performance. Therefore, to fill the research gap, the research seeks to conceptualize a structural model of Institutional pressure—GSCM efforts and their causal relationships with associated performance indicators.
Due to the rapid expansion of information technology, big data analytics (BDA) can help organizations to apply the “large-scale group decision-making” (LSGDM) strategy, which lowers relational and task conflicts among different SC stakeholders (Liu et al., 2020; Wu et al., 2017) and becoming the backbone of the current progressive growth. BDA capabilities (BDAC) have acquired strategic significance and have become one of the most precious assets of multiple organizations (Van De Wetering et al., 2019; Shamim et al., 2020). In a similar vein, organizations in many countries have been undergoing a surge in digitizing and acceptance of BDA technologies over the past few years (Wang et al., 2018; Gong and Janssen, 2020; Mikalef et al., 2020; Cetindamar et al., 2021; Shahbaz et al., 2021). The link between BDA and SCM has also been studied in the literature to support internal and external integration for effective operational performance (OP) decision-making processes (Hazen et al., 2014; Fosso et al., 2017; Hofmann, 2017; Maheshwari et al., 2021). However, the impact of BDAC on GSCM and environmental performance (EP) decision-making processes is not entrenched in the literature (Benzidia et al., 2021). Considering the broad importance of BDA, there is a need to study the significant involvement of BDAC in the link between GSCM efforts and organizational performance (OP and EP).
We conducted this study because there is little research on the relationship between institutional pressure, GSCM effort, and organizational performance. This relationship requires investigation to expose the specific efforts of organizations that advance future development to achieve the SDGs. While recognizing the above gaps and the need to fill them, we propose to address two core research questions: 1) How have GSCM’s efforts been influenced by the institutional pressure and thereby organizational performance during Covid-19? 2) What role does BDAC play in associating GSCM efforts and organizational performance? To answer these questions, the content of this study is as follows: First, it examines institutional pressures on GSCM efforts in emerging nations confronting environmental issues. Second, the influence of GSCM effort on organizational performance and the moderating role of BDAC are explored. It then collects data from organizations at various phases of planning and implementing GSCM efforts. The data gathered is then examined, and the results’ theoretical and practical contributions are discussed.
2 THEORY UNDERPINNING
GSCM has received more and more attention in the literature (Lee et al., 2012; Zhang and Yang, 2018) and the studies trying to link resource-based view (RBV) theory to GSCM clarify firms’ competing stance and improve performance (Barksdale and Pratt, 1980; Gavronski et al., 2011; Choi and Hwang, 2015). The RBV believes that the company’s resource combination determines the company’s competitive position, not the product configuration of these resources (Wernerfelt, 1995). The basic assumptions of RBV theory are related to the heterogeneity and immobility of resources of enterprises. To address this challenge of integrating the natural environment, the natural resource-based view (NRBV) helps understand the basic view of natural resources (Hart, 1995). Pollution prevention, product management, and sustainable performance are interconnected approaches that necessitate essential resources and play an important part in achieving long-term competitive advantage (Shaw et al., 2021). According to the company’s NRBV, organizational resources and dynamic capabilities play a crucial role in achieving environmental SCM (Samad et al., 2021). NRBV believes that applying a series of special efforts consistent with the proactive approach of environmental management will improve organizational performance (Wong et al., 2012). Many researchers have connected RBV theory with GSCM to explain enterprises’ performance development, but significant issues remain to be identified (Dao et al., 2011; Sayeed and Onetti, 2018; Mojumder and Singh, 2021). Essentially, it is unclear how the institutional pressure to enhance the SCM efforts will translate into strategic resources for firms, leading to competitive advantage and improved performance (Shahzad et al., 2020). The researchers concur with the NRBV, highlighting the relevance of environmental elements to a firm’s internal capabilities in obtaining sustainable advantage (Hart, 1995; Yunus and Michalisin, 2016). Through the GSCM efforts, organizations can have the ability to improve OP and EP.
In the current competitive environment, organizations must deal with several pressures, new challenges in sustainable manufacturing, and energy consumption challenges that span multiple domains beyond production, including construction and manufacturing (Glover et al., 2014). Therefore, organizations must start binding the potential of SC collaboration to accomplish their sustainability goals (Ilyas et al., 2020). Furthermore, an enterprise is a socio-cultural system directly connected with the wider environment (Altayar, 2018). Companies have a desire and a need to conform to the norms and practices imposed by their external environment due to their social and cultural existence. In institutional theory, social reality is governed by a series of different and specialized cultural-cognitive, normative and regulatory controls (Kros et al., 2020). The institutional theory describes three driving forms that generate isomorphic pressures, having coercive pressure (CP), normative pressure (NP), and mimetic pressure (MP), which can affect the competition and coordination between the organization and the environment (DiMaggio and Powell, 1983). The institutional theory proves that the integration of GSCM activities within the organization depends on institutional pressure or stakeholder pressure (Thong and Wong, 2018; Tolmie et al., 2020).
On the contrary, institutional pressure may produce consistency in business processes throughout the SC and hinder GSCM’s efforts to integrate into the SC (Samad et al., 2021). An institutional theory emphasizes the importance of institutional pressure on SC partners and the organization itself. To establish this theory, this study determines the role of institutional pressure (CP, NP, and MP) in promoting the organization’s GSCM efforts. As a result, depending on the type of institutional pressure applied, several criteria for GSCM adoption have been developed (Carbone and Moatti, 2011; Gupta et al., 2020; Kros et al., 2020). Meanwhile, it may encourage producers to adopt special GSCM (Ainin et al., 2016) and significantly affect the supplier’s evolution of higher sustainability (Gupta et al., 2020). This is because CP has a positive association with internal environmental control measures, while less CP indicates a positive relationship with external GSCM decision-making (Samad et al., 2021). Institutional pressure affects GSCM decisions in manufacturing and GSCM decisions in other industries, such as the SC of large stores. Therefore, it is desired to recognize the impact of institutional pressure on GSCM efforts performed by the superstore to meet the environmental goals. These strong arguments are that institutional theory should be chosen as the second overall organization theory because it clarifies the operational and environmental attributes of SC efforts and performance. Therefore, we proposed and tested a theoretical model capable of untying the impact of CP, NP, and MP on GSCM efforts that lead to organizational performance.
3 HYPOTHESES DEVELOPMENT
3.1 Institutional Pressure and GSCM Efforts
3.1.1 Coercive Pressure and GSCM Efforts
CP can be characterized as pressure on the enterprise by others on which the enterprise relies (DiMaggio and Powell, 1983). According to institutional theory, CP can impact an organization’s ecological sustainability and regulatory authorization and also takes into account multifactor complications such as internal behaviors (Roxas and Coetzer, 2012). External stakeholders, like government entities and non-governmental organizations, apply formal and informal pressure on organizations to comply with specific environmental standards (Dubey et al., 2015; Latif et al., 2020). Regulatory standards are generally deemed the most valuable resource of outside influence on the corporate GSCM function (Samad et al., 2021), and CP is typically a major factor affecting environmental management decisions. Every organization must abide by these regulations but must be severely sanctioned and punished by these authorities (Latif et al., 2020). Research by (Ye et al., 2013) pointed out that firms facing considerable CP will face more possibilities to improve GSCM efforts, including environmental protection measures. In addition, when the organization faces CP, it may affect GSCM’s efforts to improve organizational performance. Thus, we posit:
H1a: CP is positively influencing GSCM efforts.
3.1.2 Normative Pressure and GSCM Efforts
NP comes from suppliers, customers, corporate unions and other associations, social groups, end-users, and downstream SC partners (Ye et al., 2013). In addition, NP is considered the main predictor of GSCM adoption, especially in emerging nations (Saeed et al., 2018). Because NP influences social compliance behavior, it is a driving force in emerging countries that shifts norms and responsibilities (Latif et al., 2020). If the company does not manage the pressure of regulation, the company’s image and reputation are affected. A company with a corrupted reputation will suffer outer losses and drop its competitive advantage (Roxas and Coetzer, 2012). In addition, through the efforts of GSC, a collaboration between enterprises, suppliers, and customers can be promoted, and the impact of organizational features on the environment can be minimized (Thaib, 2020). In addition, due to the organization’s green design, green products, and green manufacturing processes, when purchasing services and products, it may be affected by consumer behavior, with minimal impact on ecology and the environment (Samad et al., 2021) and discussed the relationship between the pressure of manufacturing regulations and the practice of GSCM. Under the current research background, the following hypotheses are proposed:
H1b: NP is positively influencing GSCM efforts.
3.1.3 Mimetic Pressure and GSCM Efforts
Due to imitative institutional pressures, companies imitate their competition agencies, which may be a normal response to uncertain conditions (DiMaggio and Powell, 1983). The company needs to respond to the actions and behaviors of competitors. The MP may be related to the standards and rules of competition, especially those competitors who appear to emulate at least maintain current competitive terms (Zhu et al., 2016). Strong MP can influence the government and stakeholders, ensuring that organizations adopt advanced environmental management and technology, such as subsidiaries of foreign and multinational companies, to produce excellent performance in local organizations (Latif et al., 2020). Therefore, environmental and social tactics that mimic green and social champions will invariably outperform competitors (Samad et al., 2021). While solving the ethical factors of environmental problems, maximizing profits is a new challenge for environmental protection workers. Previous studies have shown that simulated pressure has a potentially positive effect on organizational willingness to execute GSCM activities (Tate et al., 2012; Gholami et al., 2013; Samad et al., 2021). Therefore, we posit that:
H1c: MP is positively influencing GSCM efforts.
3.2 GSCM Efforts and Organizational Performance
GSCM effort is a strategic step adopted by a business to strengthen its long-term operations and ecological protection skills, which may significantly influence its strategies (Chin et al., 2015; Dhull and Narwal, 2016). In the meantime, GSCM efforts have gained attraction in the literature (Lee et al., 2012; Khan et al., 2017), it demonstrates how institutional pressure, goals, expertise, culture, and payment systems all play a role in the effective integration of GSCM operations across SC partners (Rajaguru and Matanda, 2019). An organization’s value system affects ecological sustainability (Hu et al., 2022), and external institutions can drive companies to participate in developing GSCM efforts. The activities of GSCM may be able to foster the creation of exclusive ITCs, hence boosting organizational performance (Shahzad et al., 2020). Some academics argue that the GSCM’s efforts may be divided into three categories: “eco-design” (committed to improving environmental care in product design), “SC process” (committed to rationalizing SC operations to improve its ecological efficiency), and “internal environmental management” (in this way, the company strives to advance its sustainability-oriented internal management) (Lee et al., 2012; Jabbour et al., 2015; Yang et al., 2019). Although organizations in emerging and mature economies are at various phases of ecological sustainability, they engage in the market; therefore, their approaches to industrial ecology problems and challenges are different (Wu and Li, 2020). Similarly, the maturity of GSCM activities varies, particularly in emerging nations. Therefore, the author uses a second-order formation scale established on three key constructions (ECD, SCP, and IEM) to quantify the efforts of GSCM to measure its impact on organizational performance.
Operational performance (OP) involves the effectiveness of the company’s operating aspects, involving reducing debris rate and delivery period, reducing inventory levels, and better utilization of capacity (Zhu et al., 2012; Yu et al., 2014; Samad et al., 2021). In addition, GSCM’s efforts will result in the greater efficiency of the processes and recycling waste, processing fees, and more potential compliance expenses (Lee et al., 2012). GSCM is committed to reducing waste, reducing production costs, and enhancing the organization’s OP (Yang et al., 2019). Furthermore, integrating ECD, SCP, and IEM activities benefit OP by lowering SC partners’ costs and boosting coordination and synchronization throughout the SC (Shahzad et al., 2020). Therefore, according to this study, OP-focused GSCM activities give a competitive edge, validated by numerous other studies (Lee et al., 2012; Mousa and Othman, 2020; Samad et al., 2021).
Adopting the idea of sustainable development, especially triple bottom line (TBL), which incorporates the organizational financial, ecological, and societal performance is essential for effective operation (Hussain et al., 2018). The goal of GSCM is to design reusable products, improve recycling operations, reduce consumption, and ultimately increase the organization’s EP (Yu et al., 2014; Abu Seman et al., 2019). Organizations seeking GSCM also preserve their suppliers’ specifications and urge them to provide eco-friendly mechanisms and supplies (Al-Ghwayeen and Abdallah, 2018). Through environmental management procedures, including the efforts of GSCM, a significant point of view can be noticed in the advancements in organizational performance (Shahzad et al., 2020). Employing GSCM can strengthen the EP of organizations and stakeholders who implement environmental standards (Green et al., 2012; Al-Ghwayeen and Abdallah, 2018; Samad et al., 2021). Therefore, this research suggests the following hypotheses:
H2a: GSCM efforts are positively influencing OP.
H2b: GSCM efforts are positively influencing EP.
3.3 The Moderating Impact of Big Data Analytics Capability
BDA is modern technology and design that intends to efficiently extract value from a huge dataset through high-speed acquisition, detection, and analysis (Mikalef et al., 2019b). The organizational capacity to gather and evaluate data to develop insights by efficiently employing its data, technologies, and skills in company-wide operations, responsibilities, and structures are referred to as BDAC (Gupta and George, 2016; Fosso et al., 2017). It takes novel types of information processing technologies for improved comprehension and decision-making (Hofmann, 2017), thus allowing organizations to gain competitive advantages, resulting in improved performance and competitive advantage (Shahbaz et al., 2020; Benzidia et al., 2021; Shahbaz et al., 2021). By integrating tools, technology, and procedures, BDA lets enterprises make successful decisions on green operations in the SC (Mikalef et al., 2020). It is currently a critical aspect in increasing efficiency and effectiveness, with strategic and commercial implications. However, the effect of big data on the green SC and EP decision-making process has not been well recognized in the literature (Benzidia et al., 2021).
BDAC refers to an organization’s capacity to compile, integrate, and execute analytic data sources in conjunction with marketing knowledge and abilities (Fosso et al., 2017), representing a new paradigm in the realm of SCM (Benzidia et al., 2021). It also aids employees in perceiving radical changes in immediate settings (Dubey et al., 2016) and strengthens their capability to detect flaws in existing business processes to achieve overall organizational performance. In addition, BDAC can help companies precisely calculate and forecast GSCM information (Tiwari et al., 2018). This may help companies improve GSCM’s efforts to improve performance. In this case, BDAC enhanced the positive impact of GSCM efforts and organizational performance. BDAC can assist organizations in obtaining comprehensive data, improving predictive accuracy, and strengthening decision-making abilities (Cetindamar et al., 2021). Similarly, in this study context, BDAC boosts the positive impact of GSCM efforts and organizational performance. Hence, we hypothesized:
H3a: BDAC positively moderates the impact of GSCM Efforts on OP.
H3b: BDAC positively moderates the impact of GSCM Efforts in EP.
H4: The OP of a company is positively influencing its EP.
Figure 1 represents the research framework.
[image: Figure 1]FIGURE 1 | Proposed model
4 MATERIAL AND METHOD
4.1 Contextualization
The author obtained survey data from employees (closely related to SC activities) working in superstores in Pakistan to investigate the link between the hypotheses. Irrespective of the widespread ecological issues, Pakistan is yet in the early stage of eco-sustainability. The latest “International Environmental Performance Index” (EPI) indicators provide methods for identifying problems, setting goals, tracking trends, understanding results, and determining best policy practices (Wendling et al., 2020). The overall environmental protection index ranking indicates which countries are best able to cope with each country’s series of environmental challenges. Although EPI’s best-performing companies focus on all areas of sustainable development, their lagging counterparts often perform unevenly. The index ranked Pakistan at 142, with a score of 33.1 in 2020 (Wendling et al., 2020), at 169th, with a score of 37.50 in 2018 (Wendling et al., 2018). This improvement may be due to different strategies implemented by the government and the organization to achieve the global sustainable development goals. As a developing country, Pakistan faces a huge challenge to balance its economic and environmental requirements. Thus, the target population of this investigation includes SC personnel of major superstores in Pakistan.
4.2 Construct Operationalization
The author has conducted a structured survey of the above-mentioned targeted study population to validate the suggested research model. All measuring items were obtained from data from literature and were updated to suit the scope of this study. This survey employed a 7-point Likert scale, with responses ranging from 1 to 7 (strongly disagree to strongly agreed). A research team also assessed the questionnaire to test the face validity of the questionnaire created for this research. Once the questionnaire is approved, it is distributed to collect data. In addition, the author quantified the work of GSCM utilizing a second-order formation scale comprised of three key indicators (ECD, SCP, and IEM).
4.3 Data Collection, Sampling, and Analysis
The data collection process is as follows. First, we contacted the top management of Pakistani superstores and described the research aims. At this point, the researchers had addressed all the managers’ inquiries, and no formal data had been obtained. After getting approval to investigate, the author sends the survey to the top management and is requested to distribute it via email or an organization’s official blog to relevant employees. Due to the current Covid-19 situation, the author prefers to use computer-assisted Web Interview (CAWI) technology to collect data (Ziemba et al., 2016). This is a poll data collection technique in which respondents answer questions on computers rather than being instructed by interviewers. This will happen in July 2021. According to Hair et al. (2014), the 10-fold rule mandates that “the partial least square (PLS) sample size be at least ten times the maximum number of formative indicators in the hypothetical model” that comprise the basic route particular to a certain construct. GSCM efforts aim to have three formative indexes by using the repeated index technique to the formative second-order method. The sample size required is 30. However, when doing structural equation modeling (SEM), the scientific literature indicates that a sample size of 200 or larger is appropriate (Kline, 2005).
As of October 2021, the author has received 359 responses. Among them, 12 non-participated/incomplete replies were disqualified from the last analysis, affecting the results. Therefore, 347 valid responses were used in the final assessment. To check the statistical strength of the gathered sample, the authors used the post-hoc G*power test for all exogenic factors, which include the formative indicators, e.g., “the significance threshold was set at 0.05, the effect size was 0.15, and the sample size was 347”. The results of the G*power post-hoc test show that the statistical strength is substantially greater than the 0.8 criteria (Cohen, 1998).
Employing Smart-PLS v3 software, this analysis evaluated the data using the PLS-SEM to quantify the association between variables. This tool is better suited to handling formative and reflective fundamental routes than covariance-based SEM, and it is also capable of doing moderation analysis (Hair et al., 2019; Sarstedt et al., 2019). When calculating the results of the SEM analysis, the formative indicators of GSCM efforts use a two-stage method, i.e., the “repeated indicator approach”.
5 RESULTS AND FINDINGS
5.1 Respondent Characteristics
Table 1 highlights the profiles of the participants. 63.4 percent of those polled were men, while 36.6 percent were women. According to the findings, 28 percent of participants had one to three years of work experience in their sector, 42.9 percent had four to six years of experience, and 29.1 percent had more than six years of job experience. Most respondents had a high level of education: 17.9 percent had an undergraduate degree, 42.4 percent had graduate degrees, 22.2 percent had master’s degrees, and a residual 17.6 percent had some other professional education.
TABLE 1 | Respondent characteristics.
[image: Table 1]5.2 Measurement Model Assessment
Convergent validity assesses the degree of association between several variables within a similar framework (Hair et al., 2014). Cronbach’s alpha was applied to examine the reliability of all variables as well as the validity of the data. The resulting values for the entire dataset ranged from 0.804 to 0.949, as shown in Table 2, suggesting that they were above the 0.70 criteria given by (Hair et al., 2017). Convergent validity was measured by the “Composite Reliability” (CR), rho A, and “Average Variance Extracted” (AVE) of all constructs. The CR of the constructs surpassing 0.7 suggested that the scales have strong internal consistency and reliability. The AVE for each concept surpasses 0.5, suggesting that the convergent validity is accepted (Fornell and Larcker, 1981; Hair et al., 2017, 2020).
TABLE 2 | Reliability and validity analysis.
[image: Table 2]Furthermore, three techniques have been used to test discriminant validity. First, the square root of each construct’s AVE is compared to its correlation coefficients with other factors. The concept showed adequate discriminant validity when its square root was the highest in contrast to its correlations with other factors in the model (Fornell and Larcker, 1981). In Table 3, all constructs in the research model met this criterion and demonstrated satisfactory discriminant validity.
TABLE 3 | Fornell-Larcker criterion.
[image: Table 3]Second, the discriminant validity of the variables was assessed by loadings and cross-loadings of the measuring items. A cross-loading table shows that scale items have strong loadings on their theoretically assigned variables but not on other variables (Fornell and Larcker, 1981). The cross-loadings in Table 4 show that each element has a larger loading on its assigned construct, with one other construct matching this criterion and displaying satisfactory discriminant validity.
TABLE 4 | Measuring items’ Loadings and Cross-Loadings.
[image: Table 4]Finally, the Heterotrait-Monotrait (HTMT) ratio criteria were devised to characterize the sensitivities of the “Fornell-Larcker” and “cross-loadings” criteria (Fornell and Larcker, 1981). The estimate of the correlation of factors is known as HTMT (to be more exact, the upper boundary). To discriminate between the two components, HTMT is even less than one (Henseler et al., 2014; Fassott et al., 2016). Therefore, the researchers used the HTMT ratio; the results in Table 5 reveal that the greatest value is 0.616, which is less than the above-mentioned predefined threshold and suggests that this study’s discriminant validity is appropriate.
TABLE 5 | HTMT ratio.
[image: Table 5]5.3 Structural Model Assessment
For hypothesis testing, path coefficients (PLS findings) were examined, as well as p-values and t-statistics (bootstrapping results). The path values were used to assess the strength of the relationships between the variables. Table 6 summarizes the findings of the hypothesis examination. The bootstrap estimates in this research were based on 5,000 bootstrap samples (Hair et al., 2017), and the model explained 24.1 percent of the variation in GSCM efforts, and 21.1 percent of the variation in OP, and 41.9 percent of the variation in EP.
TABLE 6 | Results of hypotheses testing.
[image: Table 6]All direct hypotheses were statistically significant and positive in the predicted direction. The path coefficient findings and the significance level of the correlations in the path model are shown in Table 6 and Figure 2. Based on the findings, CP, NP, and MP substantially impact the GSCM efforts. Additionally, GSCM efforts have had a substantial influence on OP and EP.
[image: Figure 2]FIGURE 2 | SEM results.
Moreover, the moderating role of BDAC on the aforementioned impact was investigated. Table 6 shows that BDAC has a strong moderating influence on OP and EP. The moderating impact of BDAC on the association between GSCM efforts and OP is described in Figure 3. Moderation is significant and positive.
[image: Figure 3]FIGURE 3 | Moderating of BDAC on GSCM efforts and OP.
Figure 4 represents the positive moderation effect of BDAC on the impact of GSCM efforts on EP.
[image: Figure 4]FIGURE 4 | Moderating of BDAC on GSCM efforts and EP.
5.4 Common Method Bias and Multicollinearity
Common method bias (CMB) can undermine the efficacy of studies. The poll instructions inform respondents that there are no correct or incorrect choices and that their responses will be kept confidential and anonymous. Harman’s single factor test is frequently used to detect CMB in research (Podsakoff et al., 2012). The first component accounted for 29.8 percent of the variance, according to the findings. In line with the social sciences literature, values less than 50% constitute the cutoff for CMB (Gentry and Calantone, 2002; Podsakoff et al., 2003; Kock, 2015). Furthermore, we analyzed the inner variance inflation factor (VIF) to report the CMB issue. The authors discovered that the values varied from 1.212 to 1.484, indicating that CMB was not a problem in this study as suggested by (Kock, 2015). The survey items’ multicollinearity was further analyzed utilizing outer VIF. The maximum VIF score in this investigation was 4.295, indicating no severe problems with multicollinearity in this sample as suggested (Mason and Perreault, 1991; Hair et al., 1998; Shieh, 2010). According to the findings, the research model has no concerns with CMB or multicollinearity, implying that the considerable diversity across the components may be employed for the structural model.
6 DISCUSSION
This article examines the effect of institutional pressure on GSCM efforts that boost two types of organizational performance, such as OP and EP. This research also measures the moderating influence of BDAC on the relationship between GSCM efforts and organizational performance under the umbrella of dynamic capability theory. We found that most of our hypotheses were significantly accepted; our findings and implications are discussed below. Based on institutional theory, this study measures the institutional pressure (e.g., CP, NP, and MP) that contributes to developing the GSCM efforts. The results show that organizations are more likely to improve their GSCM efforts if they feel institutional pressure. When comparing outcomes with previous studies, we found that the implication of NP and the irrelevance of CP were prevalent in studies, while the results were blended when evaluating the role of MP (Chu et al., 2017; Anthony, 2019; Latif et al., 2020). This disparity in experience can be attributed to variations in data and empirical methodologies. However, we find a significant impact of institutional pressure indicators on GSCM efforts in the current research context. Therefore, H1a, H1b, and H1c have been accepted.
The results indicate the positive impact of GSCM efforts on OP and EP. It stated that if a company is willing to boost its GSCM efforts to better conserve the global environment, it would also improve its OP and EP. Prior studies also found that GSCM efforts can benefit OP and EP, leading to higher organizational performance (Shahzad et al., 2020). Therefore, H2a and H2b is also accepted. This research also analyzed the moderating role of BDAC on the impact of GSCM efforts on organizational performance. The results show that BDAC positively moderates the impact of GSCM efforts on organizational performance (OP and EP). Organizations focusing on establishing strong BDACs can support strategies and guide decision-making, potentially improving organizational performance. By investing in their BDACs, organizations may speed up the rate at which they develop insights, detect complicated and fast-paced ecologies, build real-time monitoring capabilities with their clients and rivals, and categorize flaws, bottlenecks, and ecological issues. In this way, an organization’s efforts to GSCM will effectively lead to organizational performance. The previous studies also pointed out that BDAC can improve incremental and radical creativeness by impacting an organization’s dynamic capabilities (Fosso et al., 2017; Mikalef et al., 2019a; Cetindamar et al., 2021). Therefore, H3a and H3b is accepted. Finally, the findings show that the rise of organizations’ OP can improve its EP as aligned with prior studies (Zhu et al., 2010, 2012; Shahzad et al., 2020). Therefore, H4 is also accepted.
7 CONCLUSION
7.1 Theoretical Implications
This study examined the impact of institutional pressures such as CP, NP, and MP on an organization’s GSCM efforts to achieve performance goals during Covid-19. The study combines institutional pressures, GSCM practices, operational and environmental performance into a dynamic model of Pakistan’s manufacturing sector. Moreover, this study determines the development trend of GSCM efforts and practice research from the initiative to the instinctive level. There seems to be no question that the higher-level construct of GSCM efforts and its interrelationships can improve decision-making abilities. Furthermore, considering the dynamic capability theory, the impact of BDAC in the association between GSCM effort and organizational performance is also identified. As SC becomes widely dispersed globally, BDAC is an increasingly major area of rational decision research. This paper proposes a research framework and conducts an empirical test centered on the data gathered through a questionnaire from SC employees of superstores in Pakistan.
7.2 Managerial Implications
The study results are imperative for SC managers and policymakers to understand and measure the importance of institutional pressures in developing GSCM efforts. It also helps to focus on developing BDACs that can improve decisions to implement GSCM efforts and lead toward organizational performance during or after such a pandemic. This study have is important for managerial decision making in real-world scenario. The SC instability has had an impact on global commerce, particularly in emerging nations remote from manufacturing swivels. Meanwhile, the pandemic-driven digitalization necessitates that organizations prioritize their digital infrastructure and SC expenditures. Massive organizational investment is required to establish a diverse low-carbon economy based on renewable energy and green technology. Techniques like BDA help facilitate organizational GSCM efforts that may lead to organizational performance.
7.3 Limitations and Future Directions
Besides the implications, this research addresses certain limitations that future researchers can address. First, the current study is based on cross-sectional data, i.e., a single piece of data from every SC employee of superstores in Pakistan; in the future, longitudinal data may better analyze the potential impacts of multiple organizational factors on GSCM efforts by assessing their influences before and after GSCM efforts are implemented after this pandemic. Second, the future study may help determine more concrete organizational factors that influenced GSCM efforts at each step based on institutional theory to provide a more vivid explanation of the concept in a variety of situations. Third, this research gathered survey data from SC employees working at retail-level stores in a developing country. Future researchers can use data gathered from different nations to test our proposed model or conduct a comparative analysis to determine the actual status of institutional pressure in developing GSCM efforts. Fourth, future researchers could expand their scope by collecting data from all SC partners that connect suppliers, companies, and customers and focus on different levels of GSCM in various industrial setups such as manufacturing, food, and construction.
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The electricity crisis in Pakistan has been triggering grid power outages (load shedding) for many decades, which has not only affected the commercial and industrial sectors but also the domestic sector, specifically the livelihood of rural areas of the country. However, the extant literature advocates that renewable energy technologies (RETs), such as solar photovoltaic (PV) can be the remedy. Given the abundant availability of solar energy in Pakistan that can be converted into electrical energy using a solar PV system, this study examines the determinants of solar PV adoption in rural areas of Pakistan. Our preliminary investigations—using government/official publications—indicate that despite the huge potential of solar energy in Pakistan, the usage of solar PV systems at the household level in rural areas is still untapped, which makes this research agenda more appealing and provocative. In doing so, this study first conducts surveys, face-to-face comprehensive interviews, and questionnaires in four different districts of Pakistan and then implements a stepwise two-stage novel approach on a sample of 1,140 selected rural households. The first stage focuses on the determinants of solar PV system adoption, whereas the second stage focuses on the determinants of the type of solar PV system adopted. Using logistic regression, this study finds that age, education, children in school, income level, access to credit, gender (female), and price of a solar PV system are the factors significantly affecting the solar PV system adoption. In the second stage, we use a multivariate probit model and find that among these significant factors, the former five are significantly positive for the uptake of solar home-system, whereas the latter two are significant for both solar shed-lighting and solar panel-kit systems. In addition to these factors, landholding and access-to-road are significant for solar home systems, whereas household size, distance-to-market, and access-to-grid-electricity are significant for both solar shed-lighting and solar panel-kit systems. Since burning fossil fuels and solid biomass fuels for domestic energy needs are common in rural areas globally and cause carbon emissions and several severe health issues, the findings of this study are useful in many ways. In specific, we contribute to the literature examining the determinants of RETs in rural communities in developing countries.
Keywords: solar photovoltaic, determinants of adoption, multivariate probit model, binary logit model, rural households, Pakistan
1 INTRODUCTION
Fossil fuels are considered a major source of energy supply but intensively emit carbon (CO2) (Jefferson 2006). Many countries are heavily dependent on an unceasing stream of fossil fuels due to energy security. In the recent age, fossil fuels are not only getting harder to extract but are growing insufficient to shrink the gap of demand and supply, and additionally the growing imports of fossil fuels are deemed an economic injury specifically for countries which have undersized energy reserves and resources of their own (IEA, 2017). Furthermore, in nonurban regions, particularly in developing countries such as South Asia and sub-Saharan Africa, the basic energy consumption and reliance on unclean sources (e.g. biomass) is pullulating and inevitable (Karekezi 2002).
Being listed as an energy-deficient economy, Pakistan as a developing country is facing a severe energy crisis for many decades, and its energy demand does not match the existing stream of supply. The energy crisis in Pakistan is one of the biggest drains on its economy, and among many other reasons, one of the daunting factors of energy (electricity) supply scarcity is a substantial dependence on thermal-based power plants (Baloch et al., 2016), which is a costly source of electricity generation yet unavoidable to slake the country’s energy demand cycle. However, the downside of this significant reliance on thermal-based energy sources is plaguing the energy sector to face circular debt and confines it from continuous use and operation (Sheikh 2010). The reason behind this inter-corporate circular debt is the number of subsidies provided by the government to control the tariff. Alongside this kind of circular debt, the issues of less-functional and mismanaged power plants are major facets that drag down economic growth, the social system, and life in general under intense pressure (Rauf et al., 2015). However, the said situation of energy deficiency could be handled by shifting the electricity generation dependence away from single grid-based (conventional energy) sources to RETs sources.
The energy generation from solar PV technology is one of the most unique inventions in the line of RETs. Solar photovoltaic energy is recognized as a clean energy source that has an upheld advantage—i.e., reduction in greenhouse gas (GHG) emission—over non-renewable fossil fuel-based energy. In the recent age, the advancement of solar PV-based power generation technology has gained a real attraction globally, particularly for economies to elevate their energy portfolio and attain green development (Carlisle et al., 2014; Othman et al., 2021). Solar PV technology is increasingly the most expedient substitute, a viable solution to mitigate the requirement of electricity, especially in off-grid or under-electrified areas, and provides a facility to an entity for producing and self-consuming electricity with less maintenance (Palm 2017). At the household or small end-user level, the solar PV system has also uplifted the prominence of RETs and enabled its participation in the so-called “energy ladder” (Hiemstra-Van der Horst and Hovorka, 2008; Karytsas, Polyzou, and Karytsas 2019).
The International Energy Agency (IEA) has estimated 16% of global energy needs, which is proximately 6,000 TWh, could be generated through solar PV technology by 2050 (Othman et al., 2021). Globally, the total solar PV installed capacity has already crossed more than 500 GW in 2019. Conventional solar PV adoption at household level and in solar farms is promisingly trending upward since the last decade (Peng and Lu 2013). At the household level, in the product line of solar PV technology, solar shed lighting, solar panel kits, and solar home systems (SHS) are commonly known types and commercially available for customers, which are capable of providing the specific capacity of energy in form of lighting or electricity for the use of electric appliances. (Azimoh et al., 2017; Das et al., 2017).
Since the adoption of solar PV systems has boosted worldwide attention for energy security, attainment of sustainable development, and socio-economic growth, Pakistan is also seeking solar PV-based energy development projects to strengthen its energy security and overcome the long-lasting energy crisis. However, Pakistan has relatively a great advantage of its location which lies in an excellent solar belt range, and its subtropical zone makes it favorable for solar energy (Adnan et al., 2012). The annual average sunshine of the country is 8 h a day, which is favorable, and on average will generate 5.2 kWh/m2/day of electricity production on a horizontal surface of solar photovoltaic panels (Khan et al., 2020). Apart from its geographical advantage for solar PV energy production and among other projects, the adoption of solar PV systems on the household-level remains mostly untapped, specifically on the rural side, and comparative very slower than other developing Asian countries (Ali et al., 2016; Qureshi et al., 2017). Previous literature on solar PV adoption has documented the influential factors to uptake RETs in Pakistan. The increasing energy demand is being managed through exceptionally high load-shedding—a supply-cut from households to fulfill the need of the industrial sector—in Pakistan, consequently, the energy demand of households has increased from 35% to 46.5% during the past 2 decades (Aqeeq et al., 2018). A growing body of literature and actual concerns about energy security suggests that residential solar PV adoption has a significant impact on both households’ energy needs as well as on the environment.
It is largely debated that the general public is more concerned about the ease of using technology as compared to the usefulness of the technology, such factors play an important role to affect the intentions of households towards technology use and adoption. Consequently, numerous studies shed light on installation costs, maintenance, and repair services (Rai et al., 2016; Qureshi et al., 2017) information and awareness (Qureshi et al., 2017; Jabeen et al., 2019; Jan et al., 2020), the demographic, socio-economic, and infrastructural factors such as age, sex, education level, household income, household size, assets and landowning, ease of access to transport, and credit facilities, play an important role and influence the adoption of solar PV systems at household level (Guta 2014; De Groote et al., 2016; Rahut et al., 2018). Regarding the determinants of a household’s adoption of a solar PV system, the studies by (Sommerfeld et al., 2017) comprehensively illustrate the assessment of demographic variables and their influences on household solar PV system adoption. (Bashiri and Alizadeh 2018). brought out the findings regarding factors affecting household choices of solar PV system in Tehran. Similarly, (Kurata et al., 2018), inspected the determinants of Solar Home System (SHS) adoption specifically focusing on the resemblance and variances between households and micro-enterprises levels. The extant literature (Chowdhury et al., 2014; Vasseur and Kemp 2015; Qureshi et al., 2017) show that the influencing factors, such as financial position, awareness, technical knowledge, social impacts, and public policy, significantly impact the households’ behavior towards adoption of solar PV systems.
The majority of studies exploring household adoption of solar PV systems in Pakistan have mainly focused on the determinants of adoption by comparing the differences between the characteristics of adopters and non-adopters; however, this straightaway ignores the types of solar PV systems adopted by the households. Therefore, the main contribution of this research is to comprehensively understand the determinants of both the adoption of solar PV systems and the types of solar PV systems adopted by households in rural areas of Pakistan.
This study uncovers the potential attributes, such as economic motivations, environmental considerations, demographic characteristics, and infrastructural and institutional aspects which can address the determinants of households’ adoption of solar PV systems and more hypothetically the types of solar PV system preferences in Pakistan. In doing that, the research starts with conducting surveys in selected villages comprising the total sample size of 1,140 households across four districts of Pakistan—namely Dera Ismail Khan, Bhakkar, Tank, and Lakki Marwat. This study is unique in two ways; the first part attempts to analyze the factors affecting the household’s adoption of a solar PV system, and the second part aims to find the factors affecting the household’s (users) choice among three common types of solar PV system, which are 1) solar shed lighting, 2) solar panel kit, and 3) solar home system. The factors associated with the adoption of solar PV system includes age, gender, education, family size of household head, annual net income, access to a credit facility, access to electricity, children in school, landholding size (space availability), access to road, distance to market of household, price of the solar PV system, and the location (districts wise).
In the first stage of empirical analysis, the logistic regression approach is employed. The results show that, among 13 selected variables, the variables; gender (female), age, level of education, children in school, family size, access to credit, net annual income, and space availability are found positive and significant; only the factor ‘price of solar PV system’ is negative, but significantly affects the household’s adoption of a solar PV system. In contrast, access to permanent road, access to gird electricity, distance to the nearest market, and location (district-wise differences) factors are found to be not significantly associated with household adoption of a solar PV system.
In the second stage of empirical analysis—the determinants of household choices associated with the types of solar PV system—an appropriate statistical approach is used; the Multivariate Probit Model (MVP). The results illustrate that the variables; age, education level, school-going children, higher income level, having access to credit facilities, and easy access to a road, significantly affect the households’ adoption towards favoring SHS. In contrast, being a female house-head, family size, the increase in the distance to market, access to electricity, and high solar PV system prices are factors pursuing the households’ choice towards solar shed lighting and solar panel kits. This study also performs a comparative analysis by investigating district-wise bifurcation and suggests that infrastructural development, promotional activities, solar PV system services, RETs substitutes, and other social factors play important roles in the adoption decision of different types of the solar PV system.
The remainder of the studies is organized as follows: Section 2 provides a detailed description of the proposed methodology, theoretical framework, and empirical modeling, section 3 illustrates the results efficacy of demographic, socio-economic, and infrastructural parameters in detail, and section 4 concludes this study and offers few recommendations.
2 METHODOLOGY AND FRAMEWORK OF THE STUDY
2.1 Sampling Procedures and Techniques
This study is undertaken in the four districts of the northwest side of Pakistan as shown in Figure 1, the districts: Dera Ismail Khan, Bhakkar, Tank, and Lakki Marwat are selected due to their cumulative 85% area comprising rural livelihood. Administratively, the districts are subdivided into Tehsils, Union Councils (UCs), and UC-Wards. District Dera Ismail Khan spreads over 9,334 km2, and the proportion of its urban area is 21.27%, and 78.73% rural area. It contains five Tehsils, 47 UCs, and 174 UC-Wards with a ratio of 48.4% men and 51.5% women of a total 1,693,594 population, and the literacy rate is nearly 44.52%. District Bhakkar’s total area is 8,153 km2 and contains four Tehsils, 64 UCs, and 220 UC-wards. Out of district Bhakkar’s total population of 1,647,852, 51.16% are men and 48.84% women with a proportion of 15.76% urban and 84.24% rural livelihood, having a literacy rate of about 51.82%. District Tank holds a total area of around 2,900 km2–11.02% urban and 88.98% rural—and contains one Tehsil, 16 UCs, and 87 UC-Wards. The literacy rate is proximately 40.98%; its total population is 427,044 (52.19% men, 47.81% women). District Lakki Marwat is scattered over 3,296 km2–9.89% urban and 90.11% rural—and contains two Tehsil, seven UCs, and 94 UC-Wards. The literacy rate is proximately 44.13% of its total population of 902,138 (52.19% men, 47.81%women). All four districts are geographically connected to Dera Ismail Khan and entail wide plan agriculture land which is substantially suitable for solar PV technology (LGCD, 2021; LGKP 2021).
[image: Figure 1]FIGURE 1 | Map of the target site (District Dera Ismail Khan, Bhakkar, Tank, Lakki Marwat), Pakistan. Source: (IVNM.net, 2021; LGCD, 2021; LGKP 2021).
2.2 Questionnaire and Survey
A study starts with a scheme of cross-sectional survey and semi-structured questionnaire for data collection from the households. The cross-sectional data information is based on socio-economic, demographic, institutional, and infrastructural characteristics of inhabitants of the four districts; Dera Ismail Khan, Bhakkar, Tank, and Lakki Marwat. The precision, reliability, and range of the data have been immensely refined with the key informants’ help, local languages’ privilege, the cross-sectional loop of open/close questions, and face-to-face interviews sessions. Consequently, the outline of our survey—conducted between September 2020 and August 2021—imperatives also involved information which is collected from solar PV system experts at the village/district level for further affirmation and supplement of the data curation. Secondary data which is used in this study has been collected from several sources, such as the official reports of government offices (LGCD, 2021; LGKP 2021), published research material (Ali et al., 2017; Ali et al., 2021; Luo et al., 2021), public survey data information of different NGOs (unpublished), online data available from prestigious institutions, and scientific organizations and associations (NTDC 2021; PBS 2021).
The random stratification sampling method for data collection is based on insights, whether the households use solar PV technology or not, and what type of solar PV system the households mainly use. Out of the total 134 UCs of all four districts, the 114 UCs contain rural areas villages that are proposed for the study target site with consideration of taking 10 households from each UC as the total sample size. Therefore, a random selection of a total 1,140 households is proposed for the sample size. The data in Figure 2 demonstrate that 611 households are found as potential users of solar PV systems and the remaining 529 households are found as non-solar PV system users.
[image: Figure 2]FIGURE 2 | Types of solar PV system used by households, Source: Own survey data September 2020- August 2021.
2.3 Theatrical Framework
2.3.1 Consumer Behavior of Technology Adoption
The fundamental theoretical framework designed for the first part of this study is based on consumer behavior in the context of economic theory. The households are subjective to have an expected inclination toward solar PV technology adoption, which is generally fetched from the characteristics that a given technology represents the effect of the adoption decisions (Adesina and Baidu-Forson 1995; Somda et al., 2002). It is supposed that energy needs and related issues are categorized by the households and then ranked according to their preferences (categorically) i.e. socio-economic, demographic, environmental, infrastructural, and other evident traits. Therefore, technology adoption can be treated as a preference between two alternatives, i.e., RETs and traditional ones (Qureshi et al., 2017; Tareen et al., 2018). In this scenario, a preference—for technology that is likely to generate a higher utility—will expectedly be required more by households’ inhabitants. This study supposes that households choose to adopt solar PV technology which can be denoted by [image: image], where [image: image] if the household is willing to choose the [image: image] technology, and [image: image] otherwise. The utility function is given by:
[image: image] the utility obtained by [image: image] household from adopting [image: image] technology.
[image: image], the utility obtained by [image: image] household from adopting [image: image] technology.
A utility-maximizing household would only adopt the new technology [image: image] if the utility from technology [image: image] outstrips that of [image: image]; that is:
[image: image]
2.1.2 Household Energy Choice and Transition
The theoretical framework is designed for the second part of this study, based on the energy transition process the “energy stacking” and the “energy ladder” (Campbell et al., 2003; Heltberg 2004). They are two mainstream theories often presented by researchers that explain household energy choices (Masera et al., 2000; Li et al., 2013; Wassie et al., 2021). The energy ladder model (ELM) explains that the choice of the household switches from one type to another due to socio-economic factors (Masera et al.,2000). Climbing up the energy portfolio from the bottom like a ladder, ELM divides the household energy choices into three rungs: 1) Primitive/basic level, 2) Transitional level, 3) Advanced or modern level (Masera et al., 2000; Andadari et al., 2014). The energy ladder model explains that household energy choices are primarily determined by socioeconomic e.g. income levels. Due to the ‘income’ factor, the households experience linear energy swapping as their income level changes.
Conversely, the energy-stacking model (ESM) explains a household’s diversification of energy portfolio (use of multiple energy sources), instead of completely jumping from one source to another source, or in other words, households would rather expand the energy portfolio and use of mix fuels due to influencing factors (Masera et al., 2000). According to (Muller and Yan 2018), the ESM describes the household energy’s transition as associated with socio-economic, cultural, demographical, social, and infrastructural factors instead of a solely income-based unidirectional energy-switching. Theoretical and empirical evidence suggests that a household’s energy choices are greatly influenced by several factors (Campbell et al., 2003; Heltberg 2004).
2.4 Empirical Modeling
2.4.1 Logistic Regression (Logit) Model
For empirical analysis of the study, in the first step, the logistic regression model is employed to determine factors affecting solar PV technology adoption. The model applies maximum likelihood estimation after transforming the dependent into a logit variable (Swider et al., 2008). Logistic regression is widely used—when the dependent variable is dichotomous and the independent variables are of any type “it estimates the odds of a certain event occurring, and the dependent variable is binary, which is the natural log of the odds (logit)”—and considered as the most appropriate model. The model can be described as follows:
[image: image]
[image: image]
[image: image] represents the probability of the event occurring, [image: image] symbolizes independent variables, [image: image] stands for the base of the natural logarithm, and [image: image] and [image: image] represent the parameters of the model.
A dummy variable is used to categorize whether the household is a potential solar PV system user or a non-user. [image: image] is a dichotomous dependent variable, [image: image] for solar PV system user otherwise [image: image]. [image: image] represents independent variables (the explanatory variables state the effects on a household’s adoption decision). Following (Adesina et al., 2000) this study acquires the following empirical model.
[image: image]
The contracted form of formula is used in this logistic regression model, as shown in Eq 3.
[image: image]
Since the probability of non-event occurring is (1−prob (event)) the new equation is as follows:
[image: image]
[image: image]
where [image: image] represents the constant with [image: image] (independent variables) affecting the probability of solar PV system adoption; [image: image] represent the estimated coefficients; and [image: image] stand for the error term.
The dependent variable represents as [image: image] = Solar PV technology adoption = [image: image] (1 = households adopted solar PV technology, 0 = otherwise).
2.4.2 Multivariate Probit (MVP) Model
In the second step, our findings unfold that the households use different types of solar PV systems as shown in Table 3 which represents Type I (solar shed lighting), Type II (solar panel kit), and Type III (solar home system). The households’ choice of adoption of the three different solar PV system types depends on demographic, socio-economic, institutional, and infrastructural factors that are shown in Table 1. To find that we use the MVP which is an appropriate method to analyze correlated multivariate binary outcomes. In contrast, the single equation Probit and multinomial Probit models do not predict joint interdependence of binary outcomes however the MVP model is capable of assessing joint prediction (Asfaw et al., 2016; Wassie et al., 2021). The MVP model is based on the random utility model (Mcfadden 1974). In this model, each participant makes an adoption decision to maximize one’s utility. The utility function [image: image] of an individual i to choose alternative j is defined as:
[image: image]
where [image: image] is the deterministic part and [image: image] is the stochastic part of the utility function. The deterministic part [image: image] consists of an alternative specific constant; [image: image], independent variable; [image: image], and it is coefficient; [image: image]. The stochastic term (standard error); [image: image], follows a multivariate normal (MVN) distribution with mean 0 and variance Σ, such that [image: image]. [image: image] has a flexible structure given that the variance-covariance matrix may contain a correlation between explanator variables and unobserved effects. This process is appropriate to examine substitution and complement patterns among different alternatives (Edwards and Allenby 2003).
TABLE 1 | Description of explanatory variables used in the regression models.
[image: Table 1]Note that if the expected utility is larger than 0, then individual [image: image] chooses the alternative [image: image], and the dependent variable [image: image] becomes 1. Alternatively, individual [image: image] will not select the alternative [image: image], and the dependent variable will become 0. The choice function can be defined as:
[image: image]
Further, the choice probability [image: image] of an individual [image: image] on alternative [image: image] can be represented as:
[image: image]
Since the MVP model can be applied to multiple choice situations, the choice probability is adjusted in Eq 7.
[image: image]
where. [image: image]
More specifically, the model considers three dependent variables and takes the following form in our study (Behera et al., 2015; Ali et al., 2019).
[image: image]
And
[image: image]
where X is a vector of the explanatory variables; [image: image] random errors are [image: image] of the multivariate normal distribution with zero mean and unitary variance. Stata-16 software is used for estimation.
2.5 Explanatory Variables for the Adoption of a Solar PV System and Its Types
The range of explanatory variables we have used in this study is based on experiencing the practical field observations and considerations of preceding similar literature. The findings documented by (Qureshi et al., 2017) refer to the adoption behavior that explains the socio-economic, demographic, and infrastructural factors are the main determinants linked to the adoption process. In our study, the variety of households’ characteristics based on similar–demographic, socio-economic, institutional, and infrastructural—factors were considered for the logistic regression model and MVP model. The list of explanatory variables taken in this study is summarized in Table 1 by defining the characteristics of each variable. Likewise, the three common types of solar PV system (binary dependent variables) used by the households in all four districts are shown in Table 2 by defining the descriptions of each technology type.
TABLE 2 | Solar photovoltaic system types.
[image: Table 2]2.6 Profiles of Sampled Households
Table 3 presents the frequency and average stats values of the demographic, socio-economic institutional, and infrastructural parameters of the households. In the total sample size of 1,140 households, the proportionate respondents of districts Dera Ismail Khan, Bhakkar, Tank, and Lakki Marwat are 349, 294, 236, and 261 households (in numbers) respectively. We found 91.3% of households are male-headed and 8.7% are female-headed families. The average age of the household is 47.6 (in years) and the family size is 6.44 (in numbers). On average household education level is 7.93 (in years), school-going children are 2.72 (in numbers), and space availability is 449 (in square meters). The average annual net income of the household is 696,500 (Pakistani Rupee). Out of the total sample size, 397 households own the credit facility, 731 households have a grid electricity connection and 321 households have easy/direct access to roads. The round trip (distance) to the nearest market is proximately 65.20 min (6.5 km) on average.
TABLE 3 | Descriptive statistics of household characteristics.
[image: Table 3]3 RESULTS
3.1 Determinants of Households’ Adoption of Solar PV System
The results of binary logistic regression in Table 4 show the fitness of the model (Prob > chi2 = 0.0000), which is indicating the results of the model are useful and cannot be considered sporous. Although the Pseudo R2 is not very high (45.28%), it does not affect the quality of the model given that the pseudo R2 in logistic regression illustrates a different meaning than the R2 in Ordinary Least Squares (OLS) regression (Kabir et al., 2013).
TABLE 4 | Logistic regression of solar photovoltaic system adoption model.
[image: Table 4]Age: The results of Table 4 show that the age of the household head is significant (p-value = 0.0186) and positively associated with solar PV system adoption. It shows that in the rural areas, the aged inhabitants heading their families probably adopt solar PV systems more than their younger counterparts. Table 4 further shows that as the age ratio increases year-wise, the odds ratio of adoption also rises factor-wise (1.049). Usually, the old age villagers are comparatively wealthier, have higher economic status, more experience, and have the ability to partake in financing the latest technologies. Therefore, for them the initial cost investment decisions are easy. The previous literature indicates the link between age and RETs adoption is sensitive to factors variations. Thus, the exertion of age on technology adoption cannot be driven as deducible, such as (Kabir et al., 2013) and (Bekele and Drake 2003) report positive association, while (Smith and Urpelainen 2014) and (Walekhwa et al., 2009) report negative associations between age and adoption of RETs.
Household size: The results (p-value = 0.0002) indicate that household size has a substantially positive effect on solar PV system adoption. The odds ratio increases by a factor of aproximately 1.27. It might be due to the reason that a larger family often requires more energy as compared to a smaller family. In the survey, we found the larger families choose solar PV systems as a substitute energy source and a better option to fulfill their daily need in a time of electricity load-shedding. This finding can also be linked with studies of (Kelebe et al., 2017; Jan et al., 2020), but in contrast to the findings of (Kabir et al., 2013).
Gender: The female-headed households as compared to male counterparts have a high drive to adopt solar PV technology, which is statistically significant (p-value = 0.0115). Practically, women are the real victims of energy deficiency as they spend most of their time working at home and suffer from electricity load-shedding problems, thus such circumstances drive women’s willingness toward solar PV system adoption in comparison with their male counterparts, assuming other factors are constant. Interestingly, (Mwirigi et al., 2014; Mengistu et al., 2016), reported that male-headed households are more likely to adopt new technologies as compared to female-headed households in Ethiopia and Kenya, respectively.
Education level: The association between the household head’s education (in years) and solar PV system adoption is positive and significant (p-value = 0.043). An increase of 1 year in education level increases the system PV system adoption by the odd ratio 1.42, which is the highest among all the odd ratios in the demographic category. It is perhaps considered that a better education helps quick decision-making towards RETs adoption, the low grade of literacy generally averts the working flow of facts. The findings of (Guta 2014; Urpelainen and Yoon 2015; Kelebe et al., 2017) reveal a positive association between RETs adoption and level of education.
Children in school: The results (p-value = 0.0102) show a significant and positive relationship between the factor ‘children in school’ and households’ solar PV system adoption. Since school-going children of households not only represent educated and the wealthier families but also push their parents to adopt solar PV systems as they get to know about the advantages of technological innovation (e.g., solar PV technology) through educational institutes. Further, it is also revealed from the survey that upon unavailability of electricity, the solar PV system is a suitable option among other RETs for the households to provide clean/bright lighting energy sources to children which can be helpful for their studies.
Income: Income is one of the most crucial factors in making any kind of decision, especially in rural communities of developing countries (Karytsas et al., 2019; Wassie et al., 2021), since households are typically financially unsound in rural areas of developing countries. However, face-to-face interviews with households reveal that the wealthier households prefer to choose solar PV systems with their energy mix portfolio. The results (p value = 0.0000) and (odds ratio = 5.001)—which is the highest among all the odd ratios in the socio-economic category—also validate that income is a positive and significant factor for households’ solar PV system adoption. Conversely, the households with low annual income either cannot afford the solar PV system or rely on cheap kinds of energy sources. The findings of (Scarpa and Willis 2010) are inconsonant with studies an increase in the income level increases the adoption of RETs as energy substitutes.
Space availability: The large space availability is more condign for the installation of a solar PV system. The results of Table 4 show statistically significant (p value = 0.0273) and positive for household solar PV system adoptions. Usually, in the rural villages, households have larger and single-story houses as compared to urban areas, besides, most rural inhabitants do crop field farming business and reside near fields so they have enough space available for the installation of a solar PV system, that link the likelihood of the households with solar PV system adoption. The authors (Ali et al., 2016; Powell et al., 2021) stated a similar finding.
Access to credit: Table 4 results (p-value = 0.0004) and (odds ratio = 2.47) infer the information that access to credit allows the village inhabitants at first to shield the initial investment cost of a solar PV system. The positive association hence shows that the credit facility significantly affects the households’ willingness to adopt solar PV systems. The other most important reason is that the rural households have seasonal income that is based on agriculture harvesting seasons. Therefore, access to credit can help them to cover the initial expense of a solar PV system in meantime. The (Gwavuya et al., 2012; Mengistu et al., 2016) findings are somehow identical to our studies, the results show a positive association between the access to credit and the adoption of RETs.
Price of solar PV system: Higher prices of RETs, such as solar PV technology are considered one of the most decisive factors that affect the decision and willingness of the rural households towards owning the solar PV system, specifically in the village communities of developing countries. The results (p-value = 0.0124) in Table 4 show negative but significant associations between the prices of solar and households’ adoption. Previous findings (Wassie et al., 2021) are congruent to our findings that a huge proportion of the village households still rely on unclean sources and cannot afford such expensive technologies in the rural area. The authors (Scarpa and Willis 2010) also reveal the high prices of RETs influence the household’s willingness to adopt.
Location: This study particularly highlights the location factor, whether, the adoption decision of households for a solar PV system is influenced by numerous differences exist between districts (114 UC’s villages). In terms of location-based solar PV system adoption at the household level, our results are insignificant for all districts; Dera Ismail Khan, Bhakkar, Tank, and Lakki Marwat. It is indicating that the solar PV system adoption behavior is similar in all districts. It is interesting to note that—during the survey and collection of data—the district Dera Ismail Khan is better in prospects of availability of the variety of RETs, infrastructure, and has a higher literacy rate, but still, the results are found insignificant. However, the households’ choices between the types of solar PV systems are relatively distinguished across all districts, which is comprehensively discussed in the following section of MVP results.
Access to road, market, and electricity: Easy access to roads helps in easy transportation of goods, in our case the road infrastructure of the rural villages in all four districts is not good, so the result (p-value = 0.1105) of factor ‘easy access to road’ is found insignificant for households’ solar PV system adoption. In previous studies (Wassie et al., 2021; Kelebe et al., 2017; Karytsas et al., 2019), it is found that the easy access to roads increases the willingness of households towards the adoption of clean energy and RETs. Similarly, the households residing near the market have the convenience of easy access to RETs but in our case, the villages’ markets have limited availability of solar PV systems across all four districts. Furthermore, a household residing near the market has easy access to a grid electricity connection, which affects the willingness of household solar PV system adoption as results show (p-value = 0.064) are insignificant. According to (Michelsen and Madlener 2012; Kelebe et al., 2017) easy access to the market increases the willingness of household RETs adoption. Consequently, in Table 4, the factor ‘access to grid electricity’ result (p-value = 0.0893) is found insignificant for the rural inhabitants’ adoption of solar PV systems. It suggests that easy access to electricity affects the household’s adoption of solar PV systems, as is similar to (Smith and Urpelainen 2014)’s findings, that the households having grid electricity connections are less likely to adopt solar PV systems. Another related reason might be because the solar PV system is suitable to be used in daylight and (in most the cases) it is not powerful enough as compared to grid electricity to provide sufficient electric power, in contrast, the grid electricity system provides a stream of electricity which can fulfill the need of households after sunset thus reduce the chances of solar PV system adoption.
The above logistics regression results interpret the overall scenario of demographic, socio-economic, institutional, and infrastructural factors affecting the household’s adoption of solar PV systems. The following section provides a comprehensive explanation of the determinants of households’ choices associated with the three different types of solar PV systems.
3.2 Determinants for Adoption Decision of Different Types of Solar PV System
In this section, we analyze what type of solar PV system among three different options—type-I (solar shed lighting), type-II (solar panel kit), and the type-III (solar home system)—the households choose to adopt. Choosing the MVP model with robust standard errors fits for the analysis of the key factors influencing households’ selection among different types of solar PV systems. For imperial analysis, it is important to know the multicollinearity between explanatory variables, which can misdirect the findings. Hence, the Variance Inflation Factor (VIF) test is commonly exercised to examine whether the values are within the acceptance range or not (i.e., the threshold value of VIF <10). All variables are found below the threshold value of 10. In addition, to normalize the data and drop outliers, Z-scores are calculated to reduce biases, and a cut-off value of ±3 is used (as suggested by the relevant literature (Vu et al., 2015). Note that the higher values of the Z-score indicate more unusual observations, whereas 0 indicates a value that equals the mean.
Table 5 provides the estimation of coefficients (βi), whereas Table 6 illustrates the marginal probability effect (Yi = 1) of factors explaining households’ choices between solar PV system types. The Wald Chi2 45) = 317.63 (Prob > Chi2 = 0.0000) is statistically significant at any commonly referred conventional significance levels (e.g., at the 1% level; α = 0.01). Thus, the results of the model can be considered reliable.
TABLE 5 | Factors affecting the household’s choice for different solar PV system types: MVP model estimation.
[image: Table 5]TABLE 6 | Marginal effects of explanatory variables affecting the household’s adoption of solar PV system types.
[image: Table 6]Gender: In Table 5, Table 6, both the coefficients and marginal probability estimations of gender (female) are found statistically positive and significant for type I and type II. It enunciates that in rural areas female-headed households have a higher tendency toward solar shed lighting and solar PV kit. It is because the mobility, maintenance, and repair of solar shed lighting and solar PV kit are relatively easy as compared to the solar home system. Furthermore, in surveys, the female-headed households are found comparatively less wealthy and have lower economic status, hence can not afford SHS.
Age: The coefficients and probability estimations of the household head’s age are positive and significant for type III. The former relationship indicates that the elder households may prioritize comfort and require palliative care with their living standards. In addition to that, the elder households have more resources and savings and can bear the cost of expensive RETs i.e. solar home systems as compared to the younger households in the villages. The findings of (Wassie et al., 2021) stated that young rural villagers have a high obsession with advanced RETs as compared to old-age villagers.
Education level: Table 5, Table 6 illustrates that the education level of the household head has a positive and significant association with the type III solar PV system. This clearly indicates the importance of literacy for adopting and using the better option of the modern energy system. However, the insignificant results associated with solar shed lighting and solar PV kit infer from the survey information that the educated farmers’ households residing near field farms (in off-grid areas) are leaning towards SHS. A substantially large number of studies are assaying that the educational level plays a significant role in the adoption of clean energy sources (Islam 2014; Aarakit et al., 2021).
Household size: The results of both coefficients and marginal probability estimates of the household size are positive for Type I and type II. Our survey findings and previous literature (Lodhi et al., 2021) affirm that most of the families live in a joint family system in one big house, which is very common in Pakistan’s village livelihood. It is undeniable that households with larger family sizes need more sources that can provide a sufficient amount of energy to satisfy their daily need (Bhandari and Jana 2010; Karytsas et al., 2019; Aarakit et al., 2021). During the survey, in face-to-face question sessions, it is assessed that a solar home system (type III) is not a suitable option for such large households’ families, and is conceivably very expensive. Larger families using multiple sources in the energy mix and owning a solar panel kit (type II), or multiple ones, is a suitable option.
Children in school: Table 5 shows positive and significant relationships between school-going children and type II and Type III. Although the educational institutes play a significant role in the way that the parents (households) are acknowledged through their school-going children learning about advantages of RETs e.g. solar PV technology that are more user-friendly, clean, and brighter lighting options (apart from the electricity), as compared to unclean sources like kerosene lamps, generators, and similar substitutes (corban gas emission). The parents (households) both rich and poor—off-grid and grid-connected—are prudent about their childrens educations and prefer to adopt solar PV systems, which can help in providing efficient, clean, and brighter lighting for school going children’s studies. In India (Sharma et al., 2019) and Zambia (Gustavsson 2007) findings displayed that solar PV technology plays a significant role and benefits children’s education.
Household income level: Both the coefficients and marginal probability estimates are positive and significant for type III. The grid-connected wealthier households are found to have a solar grid-tied system (SHS) that allows the eco-power energy (electricity) to fulfill the households’ need not only in time of grid electricity load-shedding but also in reducing the annual marginal cost of electricity. Similarly, in off-grid areas, the rich households also own the facility of an off-grid Solar System (SHS) that could provide 24 h energy efficiently. In contrast, the coefficient and marginal probability of the household’s income portray a negative but significant relationship with solar shed lighting (type I). The findings by (Jan et al., 2020; Aarakit et al., 2021) are inconsonant with our studies, that high-income households lean toward a reliable RETs energy portfolio.
Space availability: The coefficient of factor ‘space availability’ is positive and significant for type III. Such results are in favor of those households occupying larger land that relatively provide more space availability (in most of the cases) for installing a large solar PV system (type III). In contrast, the coefficient results in table 5 illustrate space is insignificant for type I and type II solar PV systems, it is probably that households that own smaller land have small space availability or incompatible rooftop, thus select compact or smaller solar PV systems (type I or type II) that are compatibly fit in small available space. The finding (Carlisle et al., 2014; Othman et al., 2021) paraded that the availability of land substantially supports the adoption of solar PV technology.
Price of solar PV system: Table 5, Table 6 demonstrate positive and significant associations between the prices of solar PV and Type I and Type II. This means that an increase in the prices of solar PV systems impels rural households either to choose solar shed lighting or solar PV kit that are comparatively cheaper than SHS. The negative and significant results associated with type III illustrate that the high cost of SHS, its installation, repair, and maintenance affect the village household willingness to own such a system. In the villages, a huge proportion of the households cannot afford such an expensive system. our findings are consonant with the study of (Mukisa et al., 2022) “SHS adoption in Sub-Saharan African countries”, interpreting the influence of high prices of SHS on household willingness of adoption.
Access to credit: The relationship between access to credit and SHS (type III) is found positive and significant. In the rural area, most of the households are professionally crop-farmers and crop-dusters, those households are often encouraged for credit offers (loans) by private banks as agriculture loans which is auspicious to cover the initial cost of the solar PV system. Similarly, the government entities also encourage the use of RETs at the provincial level by giving special rebates (offers) to farmer households (those engaged in agricultural activities). The prevailing literature unfolds the aspect of access to credit facilities positively and significantly influences the households’ solar PV system adoption (Ali et al., 2016; Kizilcec et al., 2021; Wassie et al., 2021).
Access to near market: The coefficient is found negative and insignificant for type III, indicating that the easy access to the market does not uplift the households’ adoption of SHS. During our survey—face-to-face interview sessions–households revealed that the SHS businesses are not eminent in the rural area market as compared to urban areas and the maintenance and repair services of SHS are not easily available in rural area markets. The households residing near rural markets have easy access to solar shed lighting and solar PV kit. This is further acclaimed in results that the coefficient and marginal probability estimates are positive and significant for type I and type II. According to (Doner 2007; McEachern and Hanson 2008; Qureshi et al., 2017), access to the near market is an influencing factor that affects the household’s willingness of adoption of solar PV systems.
Access to electricity. The negative and significant coefficient results associated with type III infer that the grid-electricity-connected households do not prefer to own SHS. In previous literature, it is revealed that rural inhabitants’ decisions for solar PV system adoption are greatly influenced by easy access to grid electricity (Aarakit et al., 2021). However, it is also found that grid electricity services with supplementary RETs e.g., solar PV system is considered a workable strategy for rural inhabitants’ energy mix portfolio (Urpelainen and Yoon 2015). Table 5, Table 6 results portray that access to electricity coefficient and probability estimates are positive and significant for type II only, it is because, in the rural villages the solar PV kit is more suitable for daytime use for multiple purposes—lighting, fan, charging batteries, and ordinary energy needs—while rest of energy need of household might be covered with grid-based electricity or other types of energy-mix (in off-grid areas) after sunset.
Access to road: The coefficient and probability estimates both are positive and significant for type III only. The households residing near the main or link road are in great favor for easy access to transportation facilities of SHS (type III), alongside the SHS service providers including installation, maintenance, and repair. The insignificant results for solar shed lighting and solar PV kit show that these types of solar PV systems can easily be transported to any location whether having easy access to a road or not.
Location: The district-wise adoption of the households associated with solar PV system types is found uneven. The households of district Dera Ismail Khan are the highest among all the districts to choose solar PV system type III. It is perhaps the spill-over effect of its urban side area which is an indirect influence on the rural households to choose such an option. The choices of the villagers of districts Tank and Lakki Marwat opted more towards type II (solar kits system). This infers that the villages under UCs of said districts are rather more remote or SHS is adequately not that promoted as compared to district Dera Ismail Khan. Consequently, Table 5, Table 6 insignificant results of factor ‘location’ illustrate that the proportion of solar PV system type I usage is similar across all four districts, however, insignificant results of location district Bhakkar illuminate that the tendency of households’ RETs adoption is more pronounced towards biogas systems. The authors (Iqbal et al., 2013; Jabeen et al., 2019; Yasmin and Grundmann 2019) mentioned that the government of Punjab is adeptly encouraging its rural residents to install biogas systems, thus somehow influencing the adoption of solar PV systems.
4 CONCLUSION AND RECOMMENDATION
Choosing the right and neccessary option in energy generation technologies is becoming significantly important due to environmental pollution and the economy. In the midst of all the economic and infrastructural development issues, one prominent and clean source of energy generation is solar PV technology, which has the ability to scale down the long-standing electricity shortage in the country, in addition, standalone solar PV technologies indulge as an instantaneous workable alternative to electricity at the household level. However, solar PV system adoption is still unelevated in the rural livelihood of Pakistan.
This study unfolds the determinants of household adoption of solar PV systems and their types. An appropriate scheme of study through surveys, face to face interview sessions, and questionnaires in four different districts of Pakistan, the first step assents the logistic regression model and portrays the results of—demographic, socio-economic, institutional, and infrastructural—factors: gender (female), age, level of education, children in school, family size, access to credit, net annual income, space availability are found positive and significant, except the single factor ‘price of solar PV system’ which is negative but significantly affecting the households’ adoption. The second step enacts the multivariate probit model and finds the factors that affect the households’ (users) choices associated with three different types of solar PV systems: solar shed lighting, solar panel kit, and solar home system. The results show that the household head’s age, education, children in school, income, land availability, access to road, access to credit are the factors resulting positive and significant for the SHS, however, the factors; gender (female), family size, price of solar PV system, distance to market, and access to electricity are significantly affecting households’ choices for solar shed lighting and solar panel kit. The users of SHS in district Dera Ismail Khan are highest across other districts while the villagers of districts Tank and Lakki Marwat are more opt towards solar panel kit.
The study finds that demographic, socio-economic, and institutional factors are major traits that suggestively affect the adoption of solar PV system decisions of rural inhabitants. The infrastructural and environmental factors also play an important role, however, they are contingent on policy analysis concerning the national, and domestic energy supply and developments scenario. All factors are significantly important for solar PV technology elevation. The diffusion process ought to be planned in a way that ensembles local circumstances instead of following the hypothetical strategy for all settings.
Due to weak financial positions, the inhabitants of rural villages are more sensitive to higher costs (especially initial costs). Therefore, it may not be possible for poor households to buy comparatively expensive solar PV systems and this may delay them in adopting the technology. Hence, there is a need for local manufacturing of solar PV technology, encouraging local investors to invest in solar-based projects, motivating households toward solar PV technology adoption through a drop in the solar PV prices by either controlling the exchange rate against USD or by providing subsidies for solar PV technology by the government, etc strategies which might help to slump the chronic energy crises.
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As a special intellectual property right, geographical indications have obvious regional quality signals and reputation. Whether geographical indication certification can promote the technical complexity of export agricultural products in the process of high-quality agricultural transformation in developing countries is a new issue that has to be studied urgently. Therefore, based on the provincial panel data from 2005 to 2019, this research examines the impact of geographical indication certification on the technical complexity of China’s export agricultural products. The empirical results reveal that geographic indication certification can significantly improve the technical complexity of export agricultural products. Moreover, the positive spillover effect of geographical indications on the export of agricultural products is strengthened as the level of the technical complexity of products increases. However, the regression coefficient at the 85% quantile decreases, reflecting that the current international recognition of geographical indication certification in China needs improvement. The heterogeneity study finds that the above results are not significantly supported by evidence in the central region. Thus, the quality guidance role of geographical indication products in the central region has not been brought into full play, thereby restraining the price addition ability of export agricultural products. Therefore, the government should increase policy support to enhance the quality guidance role of geographical indication products.
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1 INTRODUCTION
The global consumption upgrade makes people pay more attention to food safety. However, the long-term extensive economic and trade growth model of developing countries makes them face a conflict between insufficient effective supply and low-end oversupply (Ma et al., 2021). Moreover, asymmetric information often forces consumers to make choices based on the average quality perceived by the market. Therefore, it is difficult for some export agricultural products to obtain sufficient quality premium in the process of quality upgrading.
Under this background, (GI) products that use product quality, reputation, or other characteristics to determine the origin of the products are attracting more and more attention (Josling, 2006). GI certification (GIC) of agricultural products has become an effective method to identify consumers’ quality (Rytkö nen et al., 2018; Grebitus et al., 2011; Raimondi et al., 2020; Chalupová et al., 2021).
The standardization of GIs in China started late. In the past decade, the scandals of GI agricultural products have been frequent, which has revealed that the certification of GI does not play a significant role in upgrading the export quality of agricultural products (Tam and Yang, 2005; Ross and Cai, 2008). Therefore, how to resolve the trust crisis of international consumers and improve the technical complexity of export agricultural products is a key problem that should be solved urgently in the rapidly growing developing countries.
There is no consensus on the influence of GIC on export quality. Trademarks and brands have the attributes of decentralized management and homogenization of products. Therefore, the short-term role of quality guidance is difficult for such forms of intellectual property protection (Josling, 2006). Under a condition of asymmetric information, consumers find it difficult to obtain reliable information through trademarks or brands (Akerlof, 1970; Marette and Crespi, 2003; Chilla et al., 2020); thus, they often base on the average quality perceived by the market to make consumption choices (Winfree and McCluskey, 2005; Moschini et al., 2008), which inhibit the enthusiasm of producers to upgrade their quality. By contrast, attaching geographical labels to products with trademarks and brands can link the quality attributes of products to specific geographical sources. On the one hand, it enhances the quality guidance for consumers (Moschini et al., 2008; Brentari et al., 2011; Menapace and Moschini., 2012; Jarma Arroyo et al., 2020). On the other hand, it largely eliminates the competition of products from unspecified geographical sources (Codron et al., 2005). Under open conditions, it plays an important role in promoting the export scale and quality of agricultural products (Agostino and Trivieri, 2014; Chilla et al., 2020; Török et al., 2020). However, this result does not only depend on the relatively strict and effective supervision system (Anania and Nisty`o, 2004; Langinier and Babcock, 2008). Otherwise, it will not be able to prevent the market competition of “counterfeit” products, which will have a crowding-out effect on GI products (Yuanhua et al., 2016). It also depends on whether governments are willing to make concerted efforts for GIC (Agostino and Trivieri, 2014; De Rosa, 2015). Due to the differences in geographic information systems among countries, it may be used as a trade barrier against competition (Marette et al., 2008). Some studies believe that GIs have the attribute of “public goods” (Menapace and Moschini., 2012), implying that similar geographical products with no obvious product differences cannot be excluded from low-cost imitation, leading to fierce market competition (Lence et al., 2007; Mulik and Crespi, 2011).
The following paragraphs discuss China’s situation. Most studies have focused on the economic impact of GI products on producer incentives (Bramley and Bienabe, 2012; Dogan and Gokovali, 2012; Zhao et al., 2014; Zhao et al., 2016; John et al., 2020) and economic welfare (Kireeva and Vergano, 2006; Xiaobing and Kireeva, 2007; Bramley et al., 2009; Lee et al., 2020) under closed conditions. Empirical discussion on the export of GI products is relatively scarce. The research mainly focuses on intellectual property laws and regulations of GIs (Josling, 2006; Bramley and Bienabe, 2012). For example, Bramley (2011) reviewed the relevant literature on the impact of GIC on the social economy of developing countries and found that, as a quality reputation indicator, GIC can significantly improve the quality of agricultural products, thus helping to improve the economic benefits of a country. However, the certification system of GIs brings challenges to developing countries. Standards that are too high or not strictly enforced can have a negative impact. Evidence from environmental economics demonstrates that financial development, resource endowment, globalization, foreign direct investment (FDI), and other factors will affect a country’s economic growth by influencing its environmental performance and have an uncertain effect on the upgrading of export quality (Roth et al., 2008; Bin and Jiangyong, 2009; Yang et al., 2021; Rehman et al., 2021; Usman and Jahanger, 2021; Fareed et al., 2022). However, research rarely examines the effect of GIs on the technical complexity of China’s agricultural exports.
The contributions of this study are as follows. First, this is a novel study to discuss the influence of GI products on the technical complexity of the export of agricultural products. Second, this study enriches the literature on the influence of GIs on the quality and reputation of export products. Finally, this study provides a more accurate identification method of GIs and a more microscopic analysis. Compared with the previous process of using dummy variables, this study uses the cumulative quantity of GI products in different regions of China as the proxy variable for GI agricultural products. This method can more accurately measure GI among provinces and overcome possible measurement errors. Moreover, this study deeply discusses the internal heterogeneity of GIC’s influence on export quality based on provincial microdata.
2 MODEL AND DATA
2.1 Model
Recent relevant research reveals that the human resource endowment, agricultural added value, degree of opening to the outside world, degree of networking, FDI, and R&D capability of each region will affect the technical complexity of export agricultural products. Therefore, this study uses provincial-level data to build a fixed-effect panel data model. It also discusses the influence of GIC on the technical complexity of export agricultural products. The specific model is set as follows:
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where [image: image] and [image: image] represent provinces and years, respectively; [image: image] represents the technical complexity of export agricultural products; [image: image] represents the certification of GIs; [image: image] and [image: image] represent the fixed effects of provinces and years, respectively, and [image: image] represents the random error term.
This study also uses the quantile regression method to discuss the ladder effect of GIC on the technical complexity of exporting different agricultural products. The Probit binary discrete regression model is used for the robustness test, and 2SLS (two stage least squares) and GMM (Generalized method of moments) methods are used for the endogenous test. To ensure the effectiveness of tool variable selection, this study verifies the rationality of tool variable selection using the LM (Lagrange multiplier) Test and Wald F test (Kleibergen and Paap, 2006).
2.2 Data and Variable
2.2.1 Export Technology Complexity (TSI)
Based on the extension method of Hausmann et al. (2007), Xu and Lu (2007), this study constructs the export technology complexity index at the province level. First, the technical complexity of export agricultural products is measured at the product level:
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where [image: image] represents an HS-6 code product; [image: image] represents a province; [image: image] represents the export volume of province [image: image]’s product [image: image], and [image: image] represents the total export volume of a province. [image: image] represents the proportion of exports of province [image: image]’s product [image: image] to the province’s total exports, and [image: image] represents the actual per capita GDP of province [image: image].
We calculate the technical complexity of export agricultural products at the provincial level as follows:
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where [image: image] is the technical complexity of export agricultural products of province [image: image], and [image: image] represents the proportion of the export of product [image: image] of province [image: image] to the total export of the province.
2.2.2 Geographical Indication Certification (GIC)
GI is measured in two ways in the existing literature. One is measuring GI products with virtual variables. If a GIC product exists in a certain year, it is assigned a value of 1; otherwise, it is assigned 0. The other is expressed by the cumulative number of certifications in each year (Raimondia, 2016). Compared with the former, the latter considers the long-term effectiveness of the certification of GI products; thus, it can better measure the impact of GIC on the technical complexity of exporting products. Therefore, this study uses the cumulative certification quantity of each province in each year to measure GIC. As the certification of GIs contains information, such as quality reputation and technical standards, identifying product quality is important for consumers. It plays a significant role in promoting the export quality of agricultural products. The data are collected from the GI product retrieval platform of the State Intellectual Property Office.
2.2.3 Human Resource Endowment (humendow)
Intellectual capital accumulation is often the premise for obtaining high quality products (Jahanger et al., 2022), thus positively promoting the technical complexity of export. The index is expressed as the logarithm of the ratio of the number of students in each province to the resident population. The data are from statistical yearbooks of different provinces.
2.2.4 Agricultural Added Value (Agrvalue)
The agriculture added value represents the level of the added value of agricultural products, and the added value of products is often associated with a higher technical complexity of export (Rehman et al., 2021). It is expressed as the logarithm of the agricultural added value of each province. The data are from rural statistical yearbooks of each province.
2.2.5 Degree of Opening (Open)
It is expressed as the logarithm of the ratio of the total trade volume of each province to the GDP of each province. The data are from the statistical yearbooks of each province. In recent studies, the conclusions about the environmental performance of economic globalization are inconsistent (Yang et al., 2021; Kamal et al., 2021; Usman and Jahanger, 2021; Usman et al., 2022). Therefore, more evidence is needed to support it.
2.2.6 Agricultural FDI
Relevant research indicates that FDI has a significant technology spillover effect, which promotes export technology complexity (Usman and Jahanger, 2021). The logarithmic value of agricultural FDI in each province is used to measure it. The data source is the rural statistical yearbook of each province.
2.2.7 Agricultural Technology Innovation (AgrRD)
Technology is an important factor that affects the technical complexity of export. The index is expressed as the logarithm of the total R&D of each province, and the data source is the rural statistical yearbook of each province. Table 1 presents the results of the statistical description of each variable.
TABLE 1 | Descriptive statistics of the main variables.
[image: Table 1]3 FEATURE DESCRIPTION
GIs (GI) are a few of the core forms of property rights in TRIPS (Agreement on Trade-Related Aspects of Intellectual Property Rights). Since the agreement came into effect in 1994, GIC has largely promoted the establishment and development of GIC systems in various countries. According to the requirements of TRIPS, China issued the Agreement on the Protection of Products of Origin in 1999. However, it was not until 2005 that the improved and specialized document titled, Regulations on the Protection of GIs Products, was officially released. Moreover, three departments were set up in the early certification of GI products—State Administration for Industry and Commerce; General Administration of Quality Supervision, Inspection, and Quarantine; and the Ministry of Agriculture. Since 2018, under the unified management of the newly established State “Intellectual Property Office,” both the number of certifications and the market perception have significantly improved. Therefore, this study analyzes the report issued by the State Intellectual Property Office in 2005 to better understand the influence of the certification of GI products on the technical complexity of export agricultural products.
Figure 1 depicts the quantitative characteristics of GIC in China’s provinces and regions. Overall, the regional distribution of GIC products reveals an opposite trend with the level of economic development. It reflects the dependence of GIC on a specific environment and geographical location. However, the quality reputation of GI products forms a strong incentive for producers in areas where economic development is relatively lagging behind. Ultimately, it is conducive to improving the overall technical complexity of export agricultural products.
[image: Figure 1]FIGURE 1 | Regional distribution of GIC in china (2005–2019) (unit: each). Data source: Patent Search Platform of State Intellectual Property Office.
The results in Figure 2 support this inference. Thus, the technical complexity of export agricultural products is characterized by the distribution of “high at both ends and low in the middle.” The western region has a higher level of overall export technology complexity. The eastern region relies more on its technological and market advantages to cultivate GI products. The technical complexity of export agricultural products steadily improves by maintaining a relatively high number of GI products. However, due to the population and economic advantages of the eastern region, its GI products may be more digested by the domestic market, which has a crowding-out effect on the export scale and technical complexity of the export market. In comparison, the cumulative number of GI products in the central region has reached 413 types. However, the technical complexity of export is at a relatively low level, and the growth rate continues to slow down. It somewhat indicates that the quality guidance function of GI products in central China has not been fully exerted. The recognition in the international market still needs improvement.
[image: Figure 2]FIGURE 2 | Regional distribution of the technical complexity of export agricultural products (2005–2019) (unit: each). Data source: China’s customs database. Note: 1) M-Extc represents the annual average export technical complexity index. 2) M-Extc is displayed on the right axis, and the technical complexity of different areas are displayed on the left half axis.
4 BENCHMARK REGRESSION
Table 2 presents the basic regression results. Columns (1) and (2) report the results of uncontrolled provincial and annual effects. We find that GIC significantly improves the technical complexity of export agricultural products. After controlling the regional and annual effects, this conclusion is still supported; columns (3) and (4) report these results. “Trade openness” and “agricultural FDI” have negative effects on the technical complexity of export agricultural products. The possible explanation is that whether it is trade openness or FDI, the increase in export adds more value to China’s agricultural exports. The quality improvement effect caused by technology and management spillovers has not been brought into full play in the agricultural field. Therefore, similar to the upgrading and adjustment of China’s industry, the opening up and the improvement of FDI quality and efficiency also require full attention.
TABLE 2 | Benchmark regression of the impact of GIC on the technical complexity of export agricultural products.
[image: Table 2]5 QUANTILE REGRESSION
To investigate the ladder effect of GIC on the technical complexity of exporting different agricultural products, this study further discusses this dynamic effect using quantile regression (Rehman et al., 2021; Usman and Jahanger, 2021; Fareed et al., 2022). Table 3 presents the results. In terms of static effect, under different quantile conditions, GIC significantly promotes the technical complexity of export agricultural products. From the dynamic characteristics, GIs have a positive spillover effect on the added value of agricultural products for exports. Additionally, this effect is strengthened with the improvement of the technical complexity of products. However, the coefficient at 85% has declined, reflecting that the international recognition of GIC in China still needs improvement.
TABLE 3 | Quantile regression of the impact of GIC on the technical complexity of export agricultural products.
[image: Table 3]6 ROBUSTNESS TEST
To improve the reliability of the results, this study first replaces the GI variables with binary virtual variables and assigns a value of 1 if certified agricultural products exist in a certain year; otherwise, a value of 0 is assigned. Column 1 of Table 4 presents the results. The result supports that GIC has a positive effect on the technical complexity of export agricultural products. The MLE (Maximum Likelihood Estimate) estimation results in column 2 of Table 4 reveal that the results support the previous conclusions. The coefficients of the related variables are also consistent with the previous ones. As GIC contains information such as reputation and other technical standards, an endogenous problem may exist with the complexity of export technology. Therefore, we take the first-stage lag term of GIC as the tool variable and use 2SLS estimation and GMM estimation to test the endogeneity. Columns (3) and (4) of Table 4 present the results. GIC still plays a steady role in promoting the technical complexity of export agricultural products. In addition, this study verifies the rationality of tool variable selection using the LM test and the Wald rk-F test of Kleibergen and Paap (2006) to ensure the validity of the tool variable.
TABLE 4 | Robustness test of the impact of GIC on the technical complexity of export agricultural products.
[image: Table 4]7 HETEROGENEITY ANALYSIS
Due to the heterogeneity of economy, science and technology, human resources, and other factors in different provinces, this study investigates the inter-provincial heterogeneity of GIC on the technical complexity of export agricultural products (Table 5). Overall, the results in the eastern and western regions indicate the same promotion effect as the overall results, but the results in the central region are insignificant. The possible reason is that the eastern region pays extra attention to the certification of GI products because of its higher economic level and closer proximity to the market, and the product certification has obvious agglomeration characteristics. Moreover, the more open market conditions relatively reduce the degree of asymmetric information. This phenomenon has a certain degree of substitution effect on the quality guidance of GIC. Therefore, limited by the relatively lagging level of economic development and the relatively scattered distribution of resource endowments, the GIC products in the western region play a stronger role in promoting the quality and price bonus of export agricultural products and bringing stronger positive incentives to producers. The number of certified products in the central region is higher than that in the western region, but no significant evidence proves that the complexity of export technology is positively promoted. This reflects the excessive dependence of the region on natural resources endowment. Consequently, the awareness of GIC is weak and extensive. Therefore, we should pay attention to strengthening the publicity of GIC, enhancing the quality-oriented role of GI products, and promoting the added value level of export agricultural products.
TABLE 5 | Heterogeneity analysis based on different provinces.
[image: Table 5]8 CONCLUSION
Based on provincial micro panel data, this study discusses the impact of GI product certification on the technical complexity of export agricultural products. The results reveal that GIC products can significantly promote the technical complexity of export agricultural products. Moreover, this promotion effect will be strengthened with the improvement of the technical complexity of products. However, the coefficient at 85% quantile has declined, reflecting that the international recognition of China’s GIC still needs improvement. Further heterogeneity analysis finds that the GIC products in the Eastern and Western regions significantly promote the technical complexity of export agricultural products. However, we do not find significant evidence regarding the results in central China to support this conclusion. This finding is consistent with the structural features in the feature description, which indicates that the GIC level is relatively weak in the central region. Although a large number of certified products exist in this region, they do not play an effective role in guiding the quality. Improving the added value of the corresponding export agricultural products is difficult for GIC.
The possible policy implications of this study are as follows. First, The government should continuously improve the certification system of GI products, actively participate in the international governance of intellectual property protection and the construction of international rules related to the GIC, and accelerate the internationalization process of GI products. Second, strengthen the supervision of GI products, strengthen the quality guidance ability of GI products, and enhance the incentive effect of GIC on producers. Finally, give full play to the government’s policy guidance and support role. Establish a trinity industrial chain of government, enterprises, and farmers and form a standardized and professional circulation and industrial upgrading path of GI products to avoid excessive dependence on primitive natural resources.
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The rapid development of China’s economy is increasing the pressure on the country’s ecological environment. As the largest developing country in the world, China’s environmental crisis is bound to cause global ecological risks. Therefore, green technology innovation is imperative for sustainable development as manufacturing enterprises are heavily affected by the Chinese environment. Through green technology, innovation to help China get rid of the environmental crisis, and then achieve new breakthroughs in the global economy. The Porter hypothesis notes that environmental regulation can promote the growth of green technology innovation capabilities, although the effects have not entirely been felt by China’s manufacturing enterprises. This study is based on the structural equation model and considers a sample of China’s manufacturing enterprises to empirically test the promotion mechanism of environmental regulation underlying green technology innovation capability. Command-based environmental regulation has the strongest effect on promoting green technology innovation capability, followed by incentive-based environmental regulation. Voluntary environmental regulation has the weakest effect. Green product innovation capability has been well cultivated in the field of green technology innovation capability, followed by green process innovation capability. Terminal technology governance capability is the least developed.
Keywords: environmental regulation, green technology innovation, manufacturing enterprises, Porter hypothesis, ‘three wastes’ treatment
1 INTRODUCTION
In 2019, the World Economic Forum in Davos stated in its Global Risk Report that five of the top ten risks that the world is currently facing are environmental. The organization believes that environmental risk is the biggest risk worldwide, although it has received insufficient attention so far (Zhang et al., 2020). Ecological risks, which increasingly hinder economic and social development, are also overlooked in China. Cai et al. (2020) have stated that achieving a balance between economic growth and ecological risk prevention is a serious challenge for China moving forward. In the economic globalization system, China’s economic status is rising, and its environmental problems attract the attention of the world. The ecological fragility means China’s environmental crisis may evolve into the risk of global ecological collapse. The fifth United Nations Environmental Conference emphasized the sustainable development capacity as the focus of environmental protection, and China’s ecological crisis can realize the symbiosis of environment and economy with the help of this capacity.
The manufacturing industry is a pillar of the national economy and comprises many high-polluting industries. Therefore, the development and deepening of green technology innovation in manufacturing enterprises is at the core of China’s green technology innovation strategy, which involves environmental protection and ecological governance. Advances in green manufacturing technology innovation will greatly improve China’s green technology innovation capability and ecological development and lead to the simultaneous development of the environment and economy.
In 1994, Brawn and Wield first proposed that green technology reduce environmental pollution and resource consumption and improve ecological conditions (Chen et al., 2018). Among the eight new technologies currently supported by China, “resources and environmental technologies” and “new energy and energy-saving technologies” are classified under green technologies. However, green technology is not limited to the high-tech category, as it exists across all industries.
Green technological innovation integrates “green”, “technology”, and “innovation”. It conforms to the development of a green economy and complies with environmental protection laws and regulations. After Schumpeter proposed the concept of technological innovation in 1912, subsequent researchers found that technological innovation plays a double-edged role in environmental protection and pollution. They advocated that all technological innovations that can eliminate negative environmental externalities are green technology innovations. At the beginning of this century, the European Commission defined green technological innovation as the sum of technologies, processes, and products that can minimize negative ecological effects (Mensah et al., 2019). Lv et al. (2021) believed that the significance of green technological innovation is reflected in both green development and technological innovation in seeking the coordinated development of economy and ecology.
In 1995, Professor Porter of the Harvard Business School indicated that, in the long run, government environmental regulations can promote enterprises’ technological innovation, offset environmental regulation costs, and enable enterprises to gain core competitive advantages (Porter and Van der Linde, 1995). Government regulations are designed to maximize the public interest, and businesses also benefit from it (Ramanathan et al., 2017). In the past 2 decades, the relationship between environmental regulation, technological innovation, and economic growth has always been in focus in the field of economics under the guidance of the Porter hypothesis (Nie et al., 2021a; Nie et al., 2021b; Nie et al., 2022). The Porter hypothesis can be traced to Hicks, who proposed that changes in the relative prices of factors could induce technological innovation and restrain the economic form (Hicks, 1963). Appropriate environmental regulations are conducive to the improvement of enterprises’ innovation ability, but a more relaxed or stricter regulatory environment damages their production enthusiasm (Jiang and Lyu, 2021). Fair environmental regulation has promoting effect on the improvement of enterprise financial performance and promotes the development of ecological innovation (He et al., 2022). Ecological innovation can help enterprises reduce carbon emissions (Fethi and Rahuma, 2020). Environmental regulation should balance pollution prevention and economic growth (Zhang et al., 2022). Zhao et al. (2022) investigated the nonlinear relationship between environmental regulation and green economic growth using a spatial econometric model. They found that environmental regulation can promote the realization of technological innovation by driving economic growth. The spillover effect of the policy will drive the extension of technological innovation (Herman and Xiang, 2019). Environmental regulation can promote the realization of capital accumulation and form subsidies to technological innovation (De Santis et al., 2021; Lu et al., 2021; Ren et al., 2022). The government’s tax incentives and subsidies can effectively support enterprises’ green innovation activities (Song et al., 2022). Chen et al. (2022) analyzed panel data from 281 prefecture-level cities in China and found that environmental regulation promoted green technology innovation in enterprises, which was consistent with the Porter hypothesis.
Green technological innovation under environmental regulations have attracted the attention of researchers worldwide. Liu and Zhao (2012) stated that under environmental regulations, enterprises should try their best to fulfil environmental protection requirements and ensure long-term development by vigorously expanding green technological innovation. Technological improvements lead to the evolution of social institutions (Işık, 2013). Li (2017) indicated that environmental regulations, including pollution taxes, environmental subsidies, and emission rights trading can improve enterprises’ green technology innovation. Zhang and Wu (2017) analyzed the dynamic evolution trajectory of coal enterprises’ green technological innovation under environmental regulations and found that environmental regulations can provide institutional guarantees for the advancement of such innovation. Işık et al. (2019a) argue that the use of fossil fuels promotes carbon dioxide emissions. Dong et al. (2020) studied the promotion effect of environmental regulations on green technology innovation by combining provincial data in China and found that the ripple effect of environmental regulations drives technological innovation between industrial neighbors. Environmental regulation forces enterprises to adjust their industrial structure and upgrade their technologies (Wang and Zhang, 2022), which is not possible with other measures. Using the three-party evolutionary game model, Li and Gao (2022) found that the government’s punishment of enterprises exceeds the influence of subsidies under environmental regulations. They also found that an increase in enterprises’ green research and development investment reduces the technology introduction frequency.
Existing research has shown that the promotion effect of environmental regulation on green technology innovation in China is flawed. Wang and Liu (2019) explained that environmental regulations can theoretically promote the progress of green technological innovation; however, the actual effects are not obvious because of China’s flawed legal system. Wei and Zhang (2020) stated that China’s environmental regulations lack experience in implementation and fail to effectively adapt to ecological and environmental protection needs; hence, there is a need for optimization of regulations. Based on Chinese provincial panel data, Ouyang et al. (2020) found that the development of environmental regulations in China is uneven, as various regulatory methods have not yet matured. However, there is still immense potential to drive green technological innovation. Environmental regulations, as regulations introduced by the government, are conducive to the development of technological innovation (Niebel, 2021). Various environmental regulations affect technological innovation differently (Jiang et al., 2021). Based on panel data for Chinese cities, Liu et al. (2021) found that command-based environmental regulation inhibited industrial growth, whereas the role of incentive-based environmental regulation was not remarkable. Through the analysis of enterprise data, Zhang (2022) demonstrated that product quality reduction by heavily polluting enterprises is a response to the green technology requirements under environmental regulation.
The literature has also explored the promotion effect of government environmental regulations on enterprises’ green technological innovation and affirmed their value in promoting innovation. However, existing studies have not yet analyzed the internal mechanisms of environmental regulation to promote Chinese enterprises’ green technology innovation capability. In addition, the advantages and disadvantages of government environmental regulation have not been assessed at the micro-level. A clear improvement scheme and optimization path have not been proposed. Existing research also lacks focus on the cultivation of green technological innovation in the manufacturing industry under environmental regulations and fails to recognize that manufacturing enterprises form the core of green technological innovation. Accordingly, this study explores the micro-mechanism and path of green technology innovation cultivation of Chinese manufacturing enterprises under environmental regulation and clarifies its directions.
The significance of this study lies in its implications for the development of green technology innovation in China’s manufacturing enterprises and improvement of Chinese environmental regulations, as well as its guidance to the world environmental protection. With the help of green technology innovation capacity, China’s ecological crisis can be partially alleviated, which has also played a role in easing the world environmental crisis. Compared with the governance approaches of developed countries, China’s experience in environmental regulation development is more suitable for developing countries. To achieve deeper environmental protection with limited resources and realize the ecological governance of developing countries means that the universality of this method can help more countries to achieve their own sustainable development, and then realize the improvement of the global ecological environment.
As an important means of exploring sustainable development path in China, the effectiveness of environmental regulation has been tested, but its potential has not been fully developed. The contributions of this paper are summarized as follows: First, a new research perspective is presented. This paper verifies the effect of different types of environmental regulation on the cultivation of the green technology innovation in manufacturing industry with the help of structural equation model. Secondly, this paper analyzes the micro mechanism of the cultivation of green technology innovation in enterprises under environmental regulation, which lays a theoretical foundation for the subsequent policies proposal. Thirdly, this paper expands the analysis framework of environmental regulation and contributes to the improvement of environmental regulations in China. Finally, this paper highlights the specific strategies of government environmental regulation to cultivate the green technology innovation capability of enterprises, which contributes to the improvement of the ecological environment, provides a new road for the global ecological governance, and thus guides the direction for alleviating the world environmental pollution.
The remainder of this paper is structured as follows: Section 2 introduces the research model design, including the structural analysis of basic elements and the relevant research hypotheses. Section 3 establishes the structural equation model to verify the research hypothesis, including the establishment of the questionnaire index system, collection of data, and results of model testing. Finally, Section 4 provides policy recommendations based on the research model conclusions.
2 DEVELOPMENT OF RESEARCH HYPOTHESIS
2.1 Analysis of Basic Element Structure
This study aims to explore the micro-level promotion mechanism of environmental regulation on the elements of green technology innovation. The analysis of the basic structure of government environmental regulations and green technology innovation of manufacturing enterprises is necessary in this regard.
This study divides environmental regulations into three elements: command-based, incentive-based, and voluntary environmental regulations. Under command-based environmental regulations, the government sets clear standards for the technical specifications and pollutant emission intensities of enterprises. In incentive-based environmental regulation, the government encourages green technological innovation through environmental protection taxes, special support funds for cleaner production, trading licenses, and pollution control subsidies. Voluntary environmental regulations imply that enterprises restrict their uncontrolled environmental behaviors by disclosing environmental information, obtaining environmental certification, and marking competitive environment (Li et al., 2018).
The green technology innovation capability of enterprises is divided into three elements: green product innovation, green process innovation, and terminal technology governance capabilities. Green product innovation capability indicates that enterprises’ products are beneficial for the physical and mental health of consumers and environmental protection. Green process innovation capability asserts itself through process design that significantly meets the requirements of environmental protection. Finally, terminal technology governance capability indicates that enterprises meet environmental protection standards through the “three wastes” treatment (Song et al., 2020).
2.2 The Effect of Command-Based Environmental Regulation
Command-based environmental regulation stimulates enterprises’ green technology innovation through the formulation and implementation of green emission and green technology standards. This regulation is a strict mandate from the government that enterprises must comply with unconditionally to avoid being penalized by the government. Therefore, enterprises need to continuously intensify green technology innovation and meet the government’s emission and technical standards (Li, 2019). When the government sets green emission standards, enterprises should not only improve their terminal technology governance capability via “three wastes” but also improve the innovation capability of green products and processes from the source to develop green technology innovation as a whole. When the government sets green technology standards, enterprises should vigorously promote product design, optimize technological processes, and eliminate obsolete equipment to meet the government’s technical needs (Wang et al., 2018; Saud et al., 2019). For some products, the government can directly formulate environmental protection standards for product performance and green production. Emission, technical, and environmental protection standards naturally differ for various manufacturing industries. Command-based environmental regulation reflects the government’s intervention in the production process of enterprises, indicating that the government can grasp the environmental regulation according to local conditions and urge enterprises to make timely technological adjustment. To meet the requirements of the government, enterprises need to invest resources to improve their green innovation capability, or they will be punished by the government. It is this coercive force that reduces speculation in environmental protection and promotes the process of green production.
Based on the above analysis, this study proposes the following research hypotheses.
H1a: Command-based environmental regulation can enhance manufacturing enterprises’ green product innovation capability.
H1b: Command-based environmental regulation can enhance manufacturing enterprises’ green process innovation capability.
H1c: Command-based environmental regulation can enhance manufacturing enterprises’ terminal technology governance capability.
2.3 The Effect of Incentive-Based Environmental Regulations
Incentive-based environmental regulation is realized through environmental protection taxes, green government subsidies, and emission permit trading. These regulations do not require enterprises to achieve a high level of green technology innovation but can provide incentives for its implementation. If the government increases the collection of environmental protection taxes, companies will try to improve production processes, reduce harmful emissions, and improve environmental protection to avoid paying environmental protection taxes (Deng and Chen, 2020). When the government increases green subsidies, enterprises have more funds and resources to invest in green technology development, which naturally enhances green product innovation, green process innovation, and terminal technology governance capabilities (Saud et al., 2019; Lin et al., 2020). The direct purpose of pollutant discharge permits is to reduce the “three wastes” emissions of enterprises, whereas the indirect purpose is to advance the enterprises’ green technological innovation. Incentive-based environmental regulation undoubtedly promotes green technological innovation; however, the micro-mechanism is still unclear. When enterprises invest resources to improve their green innovation capability, it damages their own benefits. Incentive-based environmental regulation can reduce enterprises’ investment in this aspect, and then enhance enterprises’ enthusiasm. In order to obtain more environmental subsidies, enterprises will increase the use of green technologies and improve the production environment. The existence of poor information reduces the effectiveness of regulatory authorities, but incentive policies can reduce the opportunistic behavior of enterprises and obtain better environmental regulation benefits (La Nauze and Mezzetti, 2019). This leads to the following three hypotheses:
H2a: Incentive-based environmental regulation can enhance manufacturing enterprises’ green product innovation capability.
H2b: Incentive-based environmental regulation can enhance manufacturing enterprises’ green process innovation capability.
H2c: Incentive-based environmental regulation can enhance manufacturing enterprises’ terminal technology governance capability.
2.4 The Effect of Voluntary Environmental Regulations
Voluntary environmental regulation, which is an innovation of traditional environmental regulation, arises from voluntary agreements. Voluntary environmental regulation is based on the voluntary participation of enterprises, as the government does not impose a mandatory regulation. It is usually advocated by industry associations, enterprises, and third-party certification bodies; and includes agreements, commitments, plans, and other content. However, enterprises can decide whether they want to be regulated (Qin and Sun, 2020). The responsibility of voluntary environmental regulation lies with the enterprise, although the enterprise can usually make an independent choice. This differs from the government’s mandatory emission reduction regulations and external environmental protection incentives. Participation in voluntary environmental regulation not only helps obtain government funding, technology, and policy support but also improves enterprises’ market reputation (Ju et al., 2020). Enterprises can begin based on their circumstances, do what they can, and stimulate their enthusiasm for green technological innovation internally. Green technological innovation is the foundation for the effective implementation of voluntary environmental regulation, and enterprises drive green technological innovation to sustain voluntary environmental regulation. Voluntary environmental regulation stems from enterprises’ own social responsibility. Under the premise of no subsidy, enterprises can actively invest resources to implement environmental protection measures and reduce their harm to the environment. In order to achieve ecological friendliness, enterprises will spontaneously improve the green technology innovation capability, improve the production process, strengthen the terminal governance capability, and promote the development of green products. In the face of a positive environmental protection attitude, the internal staff of the enterprise will innovate their environmental concept, implement the green development strategy, and promote the improvement of the enterprise’s green technology innovation capability. To analyze this phenomenon, we propose the following research hypotheses:
H3a: Voluntary environmental regulation can enhance manufacturing enterprises’ green product innovation capability.
H3b: Voluntary environmental regulation can enhance manufacturing enterprises’ green process innovation capability.
H3c: Voluntary environmental regulation can enhance manufacturing enterprises’ terminal technology governance capability.
2.5 Conceptual Framework
Figure 1 illustrates the conceptual framework of this study. Based on the above discussion and the idea of structural equation modelling (SEM), the conceptual framework contains three exogenous variables, three endogenous variables, and nine causal paths.
[image: Figure 1]FIGURE 1 | Conceptual framework.
3 RESEARCH MODEL
3.1 Factor Decomposition and Questionnaire Design
After appropriate semantic transformation based on factor decomposition, we designed a questionnaire survey form for data collection.
3.1.1 Element Decomposition of Government Environmental Regulations
The element decomposition of command-based, incentive-based, and voluntary environmental regulations can be effectively implemented based on existing research and knowledge of China’s environmental regulations (Shi, 2019).
The command-based environmental regulation elements are divided into the following indicators: first is technical regulation, formulation of scientific clean technology standards for enterprises; second is wastewater discharge, preparation of clear requirements for wastewater discharge; third is waste gas discharge, creation of clear requirements for waste gas discharge; and fourth is waste residue discharge, devising clear standards for waste residue discharge.
The incentive-based environmental regulation elements are divided into the following indicators: first is cleaner production support funds, the appropriate allocation of cleaner production support funds for enterprises; second is technological progress special founds, the appropriate allocation of technical progress special funds for enterprises; third is environmental protection taxes, the reasonable and standardized collection of environmental protection taxes; and fourth is transaction permit, the appropriate transaction permit support for enterprises.
The voluntary environmental regulation elements are divided into the following indicators: first is environmental certification, that enterprises actively obtain the environmental certification issued by the industry association; second is ecological identification, that enterprises actively acquire the ecological identification issued by the industry association; third is information disclosure, that enterprises implement environmental information disclosure to society; and fourth is environmental supervision, that enterprises actively require the supervision of the environmental protection department.
3.1.2 Element Decomposition of Green Innovation Capability
The element decomposition of green product innovation, green process innovation, and terminal governance technology capabilities can be effectively implemented based on existing research and insights into the green technology innovation capabilities of Chinese enterprises (Wang et al., 2019).
The elements of green product innovation capabilities are divided into the following indicators: first is domestic environmental standards, that the products meet the domestic environmental protection standards; second is international environmental standards, that the products meet the international environmental protection standards; third is consumer friendly, that the products benefit the consumers’ physical and mental health; and fourth is green product certification, that the products can easily pass green product certification.
The elements of green process innovation capabilities are divided into the following indicators: first is process transformation, strengthening the green transformation of the traditional process; second is process design, enhancing environmental protection in the new process design; third is pollution elimination, eliminating heavy pollution in the old process; and fourth is process review, strengthening self-testing and supervision of the green process.
The elements of terminal technology governance capabilities are divided into the following indicators: first is wastewater governance, the safe treatment of wastewater discharged by enterprises in a timely and effective manner; second is waste gas governance, the safe treatment of waste gas discharged by enterprises in a timely and effective manner; third is waste residue governance, the safe treatment of waste residue discharged by enterprises in a timely and effective manner; and fourth is technology upgrade, the continuous upgradation of “three waste” treatment technologies of enterprises.
3.2 Data Collection and Analysis
The study sample comprised manufacturing enterprises in China, with data collection using a seven-point scale. The perceived degree of efficiency and quality of command-based, incentive-based, and voluntary environmental regulations is examined from the enterprises’ perspective. In addition, the implementation degree of green product innovation capabilities, green process innovation capabilities, and terminal technology governance capabilities is scrutinized from the enterprises’ perspective. The data survey began on 1 February 2020 and ended on 12 March 2020. The survey covered various regions in China to demonstrate the popularity of policies. Among them, the East China, North China and Southeast China account for a large share of research samples due to their developed manufacturing industries. The survey sample covered a wide range of manufacturing sectors, but the equipment accounted for the largest share, followed by food, medicine, and electronic communications. This data distribution reflects the universality of the research survey and strongly illustrates the real situation of environmental regulation in China. The data survey of this study was conducted in two stages. The first stage is mainly about environmental regulation, and the second stage is green innovation ability of enterprises. The respondents were all manufacturing companies. The two-stage survey was conducted simultaneously. In total, 608 questionnaires were distributed and 485 were recovered with a recovery rate of 79.8%. From the recovered questionnaires, 63 low-quality questionnaires such as missing filling, wrong filling and single data were removed, and there were 422 remaining questionnaires. At the same time, in order to ensure the equilibrium of sample size, regions with too dense sample number were removed, and a total of 400 valid questionnaires were finally retained as the sample population for data analysis. Table 1 provides the sample characteristics of the study.
TABLE 1 | Sample characteristics.
[image: Table 1]3.3 Model Testing and Results
Analysis of the reliability and validity of the questionnaire data is needed before performing the data analysis. The reliability of the variable is mainly tested by Cronbach’s α and the combined reliability (CR). The comprehensive α value of the questionnaire was 0.823, the green process innovation capability α value was 0.694, the terminal technical governance capability α value was 0.675, and the α values of the remaining four variables were greater than 0.7. On this basis, the CR values of each variable exceeded 0.7. It can be concluded that the data obtained in this survey have high reliability. Table 2 shows the test results.
TABLE 2 | Cronbach’s α and CR values of each factor.
[image: Table 2]Lisrel8.7 and SPSS18.0 software were used for factor analysis of questionnaire data. According to the exploratory factor analysis results, the KMO value was 0.832, exceeding the 0.8, indicates that the correlation between variables is strong (Tabachnick and Fidell, 2007; Hair et al., 2010). The p-value of Bartlett sphericity test was 0.000, less than 0.01, shows good structural validity of the scale, which was suitable for factor analysis. The load coefficients of six factors were obtained by factor analysis, and then the corresponding AVE value was calculated. It was found that the AVE value of each variable exceeded 0.5, indicating that the scale had good discriminant validity. The results are shown in the following Table 3.
TABLE 3 | Factor analysis results.
[image: Table 3]After the reliability and validity test of the questionnaire data, it was found that the obtained data performed well and could be used for follow-up tests. Table 4 shows that the assumed structural equation models are not all significant (coefficient not in confidence intervals). Incentive-based environmental regulation had not significant direct impact on terminal technology governance capability (β = 0.13, CI = [0.15,0.23]). Meanwhile, voluntary environmental regulation had not significant direct impact on green process innovation capability (β = 0.18, CI = [0.09,0.17]) and terminal technology governance capability (β = 0.15, CI = [0.21,0.32]). Based on this, the model was tested using SPSS18.0 and Lisrel8.7. Table 5 and Figure 2 show the test results.
TABLE 4 | Results of the model path coefficient test.
[image: Table 4]TABLE 5 | Test results.
[image: Table 5][image: Figure 2]FIGURE 2 | Model test results.
The test results show the following: 1) the path coefficients of H1a, H1b, H1c, H2a, H2b, and H3a are high and significant; thus, they pass the test. 2) The H3b path coefficient is high but lacks significance; therefore, it fails the test. 3) The path coefficients of H2c and H3c are low and lack significance; therefore, they fail the test.
Table 6 shows the list of goodness-of-fit indices. Through a comprehensive assessment of the goodness-of-fit index’s degree of conformity, the model is shown to have a good fit, and the study conclusions are true and reliable.
TABLE 6 | List of goodness-of-fit indices.
[image: Table 6]4 CONCLUSIONS AND POLICY IMPLICATIONS
4.1 Conclusion
The test results show that the Porter hypothesis is supported for China’s manufacturing enterprises but cannot be completely confirmed. China’s environmental regulations drive green technological innovations of manufacturing enterprises and have partially promoted the growth of green technological innovation capabilities. However, the promotion function still has many limitations that need to be addressed. Command-based environmental regulation has the strongest promotion effect (Guo and Yuan, 2020), followed by incentive-based environmental regulation. Voluntary environmental regulation has the weakest effect.
Specifically, the results show that command-based environmental regulation supports the green product innovation capability, green process innovation capability, and terminal governance technology capability of manufacturing enterprises. Conversely, incentive-based environmental regulation has a promotion effect on manufacturing enterprises’ green product innovation capability and green process innovation capability but not on terminal technology governance capability. Finally, voluntary environmental regulation can only promote the green product innovation capability of manufacturing enterprises and not the green process innovation and terminal technology governance capabilities. Under green technology innovation capability cultivation of manufacturing enterprises, green product innovation capability has been most effectively promoted, followed by green process innovation capability. Terminal governance technology capability has been promoted the least.
The test results show that environmental regulation has the potential to promote the development of green technology innovation, and then realize the ecological protection. In today’s world, environmental protection has become the theme of development, and all countries are exploring the path of sustainable development. Based on the practice of China’s manufacturing industry, this paper verifies the promotion function of environmental regulation on green technology innovation, indicating that developing countries can effectively realize the transformation of their manufacturing enterprises and reduce their environmental pollution with the help of government environmental regulation. Around the world, most developing countries with backward economic and technological technology are in urgent need of new roads to achieve sustainable environmental development and alleviate the global environmental crisis. China’s experience is worth learning from.
4.2 Policy Implications
The results show that various environmental regulations have different effects on enterprises’ green technology innovation. However, the role of government environmental regulations in enterprises’ technological innovation has not been clarified. Therefore, environmental regulation must involve measures based on Chinese characteristics to ensure sustainable economic development and realize the coordinated symbiosis of the ecological economy (Du et al., 2021). Based on the model results and understanding of environmental regulation implementation in Chinese manufacturing enterprises, we propose the following specific strategies and paths to optimize environmental regulation.
First, China’s pollution trading permit system should be consolidated. Incentive-based environmental regulation has hitherto been unable to completely support green technological innovation capability in China because of the ineffective implementation of the pollution trading permit system and the prevalence of “one-license” management. The current pollution discharge permit system does not meet the standards of environmental protection departments, as the permit is only a symbolic certificate with ambiguous functions. The enhancement of China’s emission trading permit system requires not only the adoption of the Western system for issuing emission trading permits but also the promotion of legislation for China’s emission trading permit system through the promulgation of specific laws and regulations at the national level.
Second, the implementation of voluntary environmental regulation should be improved. The results show that the implementation of voluntary environmental regulation is weaker compared to command-based and incentive-based environmental regulations, indicating that it has room for improvement. Voluntary environmental regulation needs to achieve the active participation of enterprises on the basis of meeting the government’s environmental supervision goals. When the government forcibly implements environmental regulation, enterprises have to allocate innovation funds to meet the needs of environmental regulation, but when the government’s coercive force is insufficient, the speculation of enterprises will hinder the implementation of green innovation agreements. Therefore, the improvement of voluntary environmental regulation in China needs the participation of the government. Through exploring appropriate regulatory intensity, enterprises can control their opportunistic behaviors and achieve the goal of environmental governance.
Third, the terminal technology governance capability of manufacturing enterprises should be significantly improved through environmental regulations. Incentive-based and voluntary environmental regulations do not promote terminal technology governance capability. Incentive-based environmental regulation can potentially improve overall efficiency and policy flexibility, whereas voluntary environmental regulation can better motivate enterprises. Therefore, the improvement of environmental regulations needs to cultivate terminal technology governance capability and further improve incentive-based and voluntary environmental regulations. The government’s current restrictions on the “three wastes” emissions of manufacturing enterprises rely on compulsory systems rather than enterprises’ own initiative.
Fourth, the internal structure of environmental regulations should be optimised and simultaneously implemented. China’s environmental regulations show obvious characteristics of abnormality, in which command-based environmental regulation stands out and promotes green technological innovation. In contrast, voluntary environmental regulation is struggling to accommodate green economic development. Thus, developing the internal structure of environmental regulations and improving the organic integration of the internal elements of various environmental regulations is crucial for the development of China’s environmental regulations. Monitoring by stakeholders can ensure the adoption of voluntary environmental regulations and generate benefits beyond mandatory regulations, whereas incentive-based environmental regulation can bridge the benefit loss caused by mandatory regulations.
Fifth, deepen the exploration of environmental regulation theory and promote the linkage of international environmental governance. Environmental regulation is in the exploratory stage in China has not formed a perfect theoretical system. Current regulations cannot fully mobilize the enterprises’ green technology innovation capability. Therefore, it is necessary to promote the corresponding environmental regulation strategies according to the characteristics of different industries according to local conditions, and take into account the environmental regulation and the interests of enterprises to effectively achieve the goal of environmental governance. The international community pays more attention to environmental governance has formed an effective governance model after years of development. China can use its advanced experience to further improve its environmental regulation system. China’s governance model has high reference value for developing countries. Through the government to control environmental pollution, it has opened up a new road of governance for the developing countries with insufficient technology funds.
Sixth, strengthen the effectiveness of environmental regulation in the face of uncertain environment. The global economy is suffering from the impact of COVID-19. Economic development is full of uncertainties, and it will be difficult to ensure the normal implementation of government policies, thus exacerbating the impact of uncertainties (Işık et al., 2019b). When enterprises lose faith in government, it prevents governments from easing policy uncertainty (Ahmad et al., 2021). Environmental regulations need make use of the government’s credibility to ensure their implementation rate and avoid damage to the early results due to the COVID-19. At the same time, enterprises should take this opportunity to adjust their own technical structure, cultivate green competitiveness, and jointly achieve the goal of environmental protection.
5 LIMITATIONS AND FUTURE PROSPECTS
This paper explores the correlation between environmental regulation and green technology innovation through quantitative analysis, finds the deficiencies of current environmental regulation in China based on the reality, and makes an in-depth study of three kinds of environmental regulations. However, limited by my ability, this study has the following limitations: 1) Lack of targeted analysis and processing through the collected data, which do not highlight the environmental regulation characteristics of different regions, so in-depth analysis is needed. 2) Lack of thinking on the market. The trading system represented by emission permits has emerged in western countries. The power of market can help enterprises to allocate ecological resources efficiently, which is more conducive to the realization of technological innovation. 3) Lack of analysis on the negative effects of environmental regulations. Mandatory policies and regulations will inevitably lead to resistance from enterprises and reduce market vitality.
Future research will focus on two parts: First, strengthen the analysis of the “double-edged sword” effect of environmental regulation. According to the research conclusion, environmental regulation effectively promotes the improvement of the enterprise green innovation capability, but the regulations based on the government force damage the healthy development of the market. Therefore, future research will focus on the dual effects of government involvement. Secondly, this paper studies the direct impact of environmental regulations on the green innovation ability of enterprises, but in the actual operation process, there are differences in the implementation effect of environmental regulations caused by different variables. Therefore, further research needs to consider the effect of the intermediary effect.
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The purpose of this study is to investigate the relationship between green human resource management bundle practices and green innovation and their impact on sustainability performance as measured by the Triple Bottom Lines (i.e., environmental, social, and economic performance). It is decided to use a quantitative approach in order to collect data from 335 small- and medium-sized (SMEs) businesses operating in the Kingdom of Saudi Arabia, through a customized survey. Structure equation modeling was applied through smart PLS to analyze the collected data. Results show that green human resource management bundle practices have a positive and significant impact on the sustainable performance of SMEs. Furthermore, results indicate that green innovation has a significant impact on sustainable performance and green innovation partially mediates the relationship between green human resource practices and sustainable performance of SMEs. This study demonstrates that the implementation of GI by firms can be enhanced through the use of GHRM, which, in turn, would enhance the firms’ sustainability. Additionally, this study both confirms and enhances the traditional understanding. The study also depicts that environmental management practices in the human resource and innovation sectors can result in greater sustainability.
Keywords: green skills, green human resource management, green innovation, sustainable performance, SMEs
INTRODUCTION
Increasing environmental concerns and the need for sustainable practices have resulted in a call for environmentally, economically, and socially sustainable practices in manufacturing organizations. Every organization now has an obligation to balance its economic, social, and environmental performance, especially those that operate in a highly competitive and regulated environment. Balancing these factors is perceived as a challenging task, even controversial in some cases (Renwick et al., 2013).
When introducing environmental management systems into an organization, it becomes very difficult to improve its environmental and social performance and increase its economic performance while maintaining cultural norms and integrating green behaviors into the organization’s operations (Al-Ghazali & Afsar, 2021). Dost et al. (2019) suggested that the cross-functional distribution of green ideologies can assist in addressing these challenges. Researchers investigated how green management should be applied to two critical business functions: human resources and innovation (Roscoe et al., 2019).
The relationship between these two functions needs to be further researched, however. Recent studies suggest studying how green management is distributed within various functional areas of an organization in order to examine concurrent results and the mutual relations among the various functions (Lei et al., 2021). Our study investigated the use of green management systems in human resources, and the relationship between the two. It is well known that green human resource management (GHRM) and green innovation (GI) have a positive impact on the environment, but there have been few studies that investigate their interaction (Seeck & Diehl, 2017). First, despite acknowledging that GHRM practices define GSCM practices internally, some researchers have primarily focused on the pressures companies face from outside. There is very minimal discussion of a “green version” of human resource management (HRM) or innovation in the literature that deals more specifically with the relationship between HRM and innovation. As such, further studies are required in this area to explore the mutually reinforcing results that GHRM and GI might provide at the triple bottom line (TBL): the environmental, financial, and social performance of a company (Çop et al., 2021).
GHRM and GI are examined as attributes of sustainable performance for medium and large manufacturing companies in the Kingdom of Saudi Arabia, and how both factors can affect the TBL of sustainable performance (environmental, social, and economic). GHRM practices and GI in developing countries are seldom explored in studies, as noted earlier. For example, empirical studies surrounding green practices are relatively new, especially for emerging markets. As such, this study presents empirical evidence from GHRM and GI research conducted in a developing country.
LITERATURE REVIEW
Theoretical Background
In this study, we study and explain the HRM-performance relationship for manufacturing sector SMEs in the Kingdom of Saudi Arabia using a resource-based view (RBV). There is no doubt that human capital affects firm performance and these links have roots in the existing HRM and strategy literature (Barney, 2001). Firms with resource-based views examine how their ability to leverage their valuable, scarce, and difficult to imitate strategic resources may affect their competitive advantage and performance (Barney, 2001). The strategic resources provide long-term superior performance and continuous competitive advantage to the organization if they are hard to duplicate or extremely expensive for competitors to imitate (Santos et al., 2020). In GHRM practices, employee behavior is proactively identified, developed, motivated, and extended for the firm’s sustained competitive advantage and superior performance based on RBV (Hameed et al., 2021). We have found that human capital, when integrated into a firm’s complex social system, usually satisfies the RBV criteria, as it may contribute to higher performance and competitive advantage throughout the system. As discussed earlier, the following section focuses on the formulation of hypotheses, and we use RBV (Barney, 2001) in order to construct arguments and propose several hypotheses to empirically test in research.
Hypotheses Development
Green Human Resource Management Bundles and Sustainable Performance
There is a growing understanding that the environmental impacts of HRM processes should be taken into consideration throughout the entire process since HRM practices contribute to implementing and maintaining an environmental management system (EMS), thereby helping organizations to achieve higher environmental performance (EP) (Gilal et al., 2019; Yusoff et al., 2020). In fact, GHRM ensures that firms are spread effectively and become more environmentally friendly. GHRM is essential for company management for several reasons, including environmental benefits, employee retention, and increasing a company’s appeal. Former HRM literature emphasized the effects of individual practices as opposed to a set of HRM practices on firm performance (Pham et al., 2020; Awan et al., 2022).
Renwick et al. (2013) suggested that GHRM policies acting in concert could even have a greater impact on organizational performance and the environment. Accordingly, recent literature on GHRM has focused primarily on how GHRM practices influence bundle performance. RBV can be used to distinguish the resources used by organizations, according to (Gul et al., 2021a; Rizvi & Garg, 2021). It could affect an organization’s economic performance (Ec.P) and eventually increase its efficiency. Instituting GHRM practices into an organization’s practices, therefore, can result in improved EP over time (Hameed et al., 2021).
Siyambalapitiya et al. (2018) suggested that if green practices in the workplace increase employee characteristics such as motivation, and competence, financial performance may improve as a result. Employers who take environmental responsibility into account when recruiting workers, or at least show they care about the environment, will draw candidates who will be drawn to the company’s environmental consciousness (Tariq et al., 2016; Jamil et al., 2021a). Developing and encouraging the environment’s interests and activities can also be helpful for companies, as it can result in increased skill and motivation, better retention and productivity, and overall improved Ec.P. Shah, (2019) argued that, as organizations go green, they aim to create a more sustainable corporate culture that leads to increased efficiencies and costs reductions, while improving employee satisfaction. Promoting a greener culture results in improved sales and lower costs (Longoni et al., 2018; Jamil, et al., 2021b).
In addition to higher employee satisfaction, improved stakeholder relationships, and increased employee retention, firms that tackle environmental issues benefit in many ways (Yu et al., 2020; Naseem et al., 2021). Among the other benefits cited is an improved sense of social responsibility among the workforce and a better ability to recruit and retain talent. As Paillé et al. (2020) documents, companies that invest in social responsibility are likely to benefit in a number of ways, including customer satisfaction, excellence in staff recruitment, and innovation, something that contributes directly to their social performance (Kim et al., 2019; Awan et al., 2021a). A significant step was taken by firms whose investments in social programs reinforced GHRM, as mentioned by Saeed et al. (2019). Such programs are designed to protect employee health and safety, such as preventing them from being exposed to harmful emissions. The incorporation of green programs will improve manufacturing companies’ sustainability in addition to serving as a reporting tool (Jabbour and de Sousa Jabbour, 2016; Naseem et al., 2020).
In order for organizations to maximize the impact of their SP activities, they must ensure that they entail social activities that can impact both their internal communities (employees) and external communities (suppliers and customers) (Awan et al., 2021b; Samad et al., 2021). Additionally, research shows that organizations that have adopted GHRM practices contribute to employee welfare and environmental protection through their GHRM practices. Employee health and welfare are positively affected when GHRM practices and policies are implemented by a company, according to Mousa & Othman, (2020). Through this adoption, the company’s Ec.P improved overall and the welfare of the employees. Therefore, we proposed the following hypothesis:
H1: GHRM practices have a significant impact on sustainable performance
Green Innovation and Sustainable Performance
The findings of Wang et al. (2020) on GI support the proposition that green purchase (GP) and cooperation with customers who are in GI or EP are positively correlated. Some evidence suggests that GP and environmental cooperation (EC) influence supplier and customer behavior in an environmentally friendly and sustainable manner, thus improving the EP of manufacturing organizations (Long et al., 2020; Li et al., 2021). Monitoring and educating suppliers may enable companies to provide products that are hardly harmful to the environment, therefore increasing their EP (Sarfraz et al., 2021).
By focusing on GI, which uses eco-friendly manufacturing practices, companies can achieve higher levels of efficiency and reduce the number of resources used, ultimately reducing total costs. Chen et al. (2014), for instance, determined that eco-design (ECO), an aspect of GI, leads to cost savings that have a significant influence on the Ec.P. of the company by reducing waste and enhancing materials efficiency. Also, Yang et al. (2021) cited ECO practices as a significant contributor to cost reductions through the increased likelihood of selling products abroad, and as a major benefit that outweighs the costs involved.
By adopting green practices, employers and local communities are believed to enjoy a healthier work environment and community, respectively (Jamil, et al., 2021c; Ullah et al., 2021). It has been shown that environmental-friendly manufacturing operations and less pollution are beneficial to the social dimensions of employees and society as a whole. This point is emphasized by Farza et al. (2021), who suggest that corporations can achieve a number of social objectives such as customer protection, market transparency, and environmental conservation. GI can, therefore, contribute to SP when organizations integrate it into their business operations (Gul, et al., 2021b; Mandal & Pal, 2021).
GI practices have generally been found to increase customer loyalty, enhance a company’s brand identity, provide equal opportunities, assure safety, and promote ethical practices (Kraus et al., 2020; Mohsin et al., 2022). Although fewer empirical studies exist on the relationship between GIs and SPs, existing research does suggest eco-friendly practices may be effective in promoting customer loyalty and enhancing a company’s brand identity (Asadi et al., 2020; Gul et al., 2021c). Therefore, the following hypotheses are proposed:
H2: GHRM practices have a significant impact on green innovation.
H3: Green innovation has a significant impact on sustainable performance.
Mediating Role of Green Innovation
As a result of this study, it suggests that studying the interaction between GHRM and GI may help to understand how these factors impact sustainable performance. Through the RBV, Barney, (2001) argued, that HRM practices could influence organizational performance through the transformation of employees into extraordinary, important, and unique resources. The company’s goals can be better supported when it uses such a resource to develop its business. Zhang et al. (2020) argue that talent is utilized in innovation to achieve an organization’s goals. In addition, employees who work in innovation can also help the organization to perform better, which will lead to a sustainable competitive advantage (Rehman et al., 2021). The interaction mechanisms of various resources can also provide a competitive advantage. There is a general consensus in the literature that effective implementation of GI is largely determined by GHRM practices (Gul et al., 2021d; Fan et al., 2021). Thus, the lack of HRM practices may result in the inability to engage environmentally conscious employees, and the conventional organizational culture may contribute to the inability to implement GI. By investigating the impact on sustainable performance, this study expands on these experimental studies (Takalo & Tooranloo, 2021; Jamil et al., 2022).
GHRM provides technical support in attracting and hiring people with the necessary skills and commitment to implement environmental ideologies and standards in a context of an innovative business model, in addition to disseminating environmental ideologies and standards (Tang et al., 2018). In their study, Haddock-Millar et al. (2016) assert that GI mediates the relationship between GHRM and EP to a great extent. RBV facilitates a more systematic investigation of the relationship between GHRM-GI and sustainability outcomes by explaining the connection between green practices and sustainability outcomes. Therefore, the following hypothesis is proposed:
H4: Green innovation mediates the relationship between GHRM practices and sustainable performance (see Figure 1 for all the relationships).
[image: Figure 1]FIGURE 1 | Conceptual framework.
Methodology
We gathered data from small and medium enterprises (SMEs) working in the Kingdom of Saudi Arabia. A convenient sampling approach was employed (Kothari, 2004). A questionnaire was developed in the English language and translation in the Arabic language was also presented on the questionnaire for a better understanding of the responding employees. The overall sample size of this research was 335 medium and upper-level management of enterprises. A total of 515 questionnaires were distributed through emails, and 365 responses were received. There were 335 appropriate replies for the final analysis, with a response rate of 65%. Valid questionnaires are selected following the survey data cleaning procedure, which involves finding and eliminating responses from respondents who either do not meet our target requirements or did not react cautiously to the questionnaire survey, such as respondents only address part of our survey; respondents provide ambiguous answers or/and select the same answer option repetitively, and respondents provide incomprehensible suggestions for open-ended questions. We employed Armstrong & Overton, (1977) approach to determine perceived anti-reaction bias. Independent sample and chi-square T-tests were conducted to analyze the initial 55 and the final 55 respondents via demographic factors, that are age and gender. The findings revealed no major variations between the two response classes (p > 0.05). Figure 1
Measures
The study used items established from prior research to confirm the reliability and validity of the measures. All items are evaluated through five-point Likert-type scales where “1” (strongly disagree), “3” (neutral), and “5” (strongly agree).
Dependent variable: sustainable performance was used as the dependent variable and measured with its three dimensions namely environmental, economic, and social, we used nine items adopted from the prior study of Jabbour & de Sousa Jabbour, (2016).
Independent variable: to analyze GHRM bundle practices as an independent variable with its three dimensions we used ten items adopted from a prior study by Yu et al. (2020).
Mediating variables: green innovation is used as mediating variable in this study. Green innovation is measured with six items adopted from the previous study by Zailani et al. (2015).
Sample Description
The demographic profile of 335 respondents, such as ownership form of the organization, age of the organization, and size of the organization, are shown in Table 1. Total sample is presented as bold in the table.
TABLE 1 | Characteristics of the respondents.
[image: Table 1]RESULTS
This study used smart PLS to evaluate the model. This study wants to use confirmatory and exploratory research so the PLS-SEM analysis was selected. Sarstedt et al. (2014) argue that Behind the Partial least square modeling, there are two approaches known as structural modeling and covariance bias. The hypothesis testing was done through PLS-SEM and the hypothesis expansions were usually tested through SEM (Hair et al., 2016). The PLS is best suited for multi constructs models and multiple order constructs models. The small sample size used for analysis is also advantageous in Smart PLS-SEM. Smart PLS-SEM provides it straightforward to compute all parameter computations (Hair et al., 2016; Usman Shehzad et al., 2022). The current study was done using Smart PLS 3.9.
The degree to which the study variables deviate from their latent variable is called unidimensional. In order to verify construct reliability and validity, an investigation of the study constructs’ unidimensional is a criterion that must be achieved. According to Henseler et al. (2015), the factor loading of items within each construct was used to determine unidimensionally. There is strong evidence that all of the constructs indicated in the measurement model are unidimensional.
Model Measurement
The study is quantitative in nature and data was collected through a survey questionnaire. The study analyzed the Green HR practices, Green innovation, and environmental performance. First, we examine the construct reliability and validity of the external model through the Smart PLS algorithm (Table 2). The analysis shows that 21 indicators out of 28 have factor loading greater than 0.7. the model reliability was assessed through factor loading and Cronbach Alpha (Hair et al., 2016). Cronbach’s alpha, Average variance extracted and composite reliability may be used to determine the degree of consistency between several measurements of a variable (Hair Joseph F et al., 2010). The value of Cronbach Alpha for all variables should be greater than the threshold level which is 0.7 (Sarstedt et al., 2014). The factor loading of 21 indicators is greater than o.7, and Cronbach’s alpha (α) for all variables must be higher than the acceptance criteria which is 0.7. On the other hand, the composite reliability for all constructs exceeds the threshold level of 0.70 (Chin, 1998). All indicators or dimensional scales should have values greater than 0.60 (Bagozzi & Yi, 1988). it is shown in the table all 3 variables had Cronbach Alpha values above the suggested limit of 0.60 (Bagozzi et al., 1991). Composite reliability values ranged from 0.85–0.96 and were all above the recommended value of more than 0.60 (Bagozzi & Yi, 1988) or greater than 0.70 as suggested by (Vinzi et al., 2010). In light of these findings, it can be concluded that all of the research hypotheses examined in this study are valid and trustworthy. The factor loading, Cronbach’s alpha (α), a composite reliability confirms the indicator reliability (Henseler et al., 2016).
TABLE 2 | Inner model evaluation.
[image: Table 2]The convergent validity of variables is evaluated by using the “composite reliability” (CR) and “Average variance extracted” (AVE) and construct reliability for all variables (Hair et al., 2016). The researchers say that CR and AVE must be higher than the minimum acceptable value which is 0.7 and 0.5 consecutively. By utilizing composite reliability and average variance extracted (Fornell & Larcker, 1981a). The Table 3 indicates that all variables have loading higher than 0.70 and CR is greater or equal to 0.70, The AVE score should be greater than 0.50 which illustrates the convergent validity is the acceptable and internal consistency of items (Chin, 1998).
TABLE 3 | Discriminant validity.
[image: Table 3]Discriminant Validity
Several tests were used to examine discriminant validity. As a first step, it may be explored in the measurement model by looking at the latent constructs’ shared AVE. We determine whether the model is evaluated through the correlation among constructs. If there are any extremely high correlations among constructs, the model is likely to have discriminant validity issues. Construct validity occurs when the square correlation for each construct surpasses the AVE for each of the other components (Fornell and Larcker, 1981b). AVE values for each construction were more than or equal to 0.50, as shown in Table 4, indicating that the constructions ranging from 0.54 to 0.71 were responsible for more than half of the variation in their respective measurement items, as recommended. Fornell–Larcker criteria and heterotrait–monotrait (HTMT) ratio are two strategies used to assess the discriminant validity of the model (Hair et al., 2016). Fornell and Larcker, (1981b) argue that it is important to keep in mind that the upper right side values of the diagonal which is the square root of AVE should be larger than the correlation with other constructs. However, values between 0.90 and 0.95 are acceptable for HTMT ratios but must be less than 0.85 (Hair et al., 2016). There are no HTMT ratios greater than 0.90 in Table 3, confirming the discriminant validity of the model.
TABLE 4 | Hypothesis testing.
[image: Table 4]The Variance Inflation Factor (VIF), values were computed in this study to check for Conceptual model collinearity concerns. VIF values below 5 indicate that no collinearity issues exist in the data, according to experts (Hair et al., 2014). It was found that the objects’ inner VIFs ranged from 1.321 up to 1.876. The results of this investigation show that there is no evidence of data collinearity and that the conclusions remain constant throughout time. R2 greater than 0.5 indicates a suitable model. All exogenous constructs have R Squared values larger than 0.5 in Figure 2, indicating that the model’s predictive accuracy is quite high (Hair et al., 2016). All of the model’s latent variables have Q2 values suggesting that the model is highly predictive (Hair Joe F et al., 2016).
[image: Figure 2]FIGURE 2 | Measurement model.
When assessing the model’s “explanatory power,” the R2 value for each predicted variable was computed. it indicated the degree to which the IV explains the DV. Predictive accuracy is measured by the R2 value, which ranges from 0 to 1. The R2 value is described as “weak,” “moderate,” and “strong,” with R2 described as weak with a value of 0.25 and R2 value being moderate with 0.50. and the R2 value is 0.75 considered substantial. All exogenous constructs in Table 5 have R Square values higher than 0.5, which indicates that the model has excellent predictive accuracy (Hair et al., 2016).
TABLE 5 | Predictive accuracy.
[image: Table 5]Model Assessment
This study examines the hypothesis by using bootstrapping at 5,000 with sample replacement (Hair et al., 2016). The above table illustrate that Green HRMP have significant positive impact on sustainable performance (β = 0.277, t value = 5.817, p-value = 0.000). green innovation has significant and positive relationship with sustainable performance (β = 0.813, t-value = 28.106, p = 0.000). Green HRM practices have significant relationship with green innovation (β = 0.096, t-value = 2.561, p = 0.000). the findings indicate the Hypothesis H1, H2, and H3 are accepted. Table 6
TABLE 6 | Mediation analysis.
[image: Table 6]Mediation Analysis
Green Innovation plays a mediating role in the Green human resource management and environmental performance. the value for VAF of more than 80 percent implies complete mediation, whereas VAF larger than 20 percent and less than 80 percent suggests partial mediation for mediation effects, and VAF less than 20 percent indicates no mediation (Hayes & Preacher, 2010). The findings show that green innovation partially mediates the relationship between green human resource management practices and Sustainable performance. Using the t-test and p-value, the findings show that Green Innovation partially mediates the relationship between GHRMP and Sustainable Performance. There was an indirect impact (=0.078, t-value = 2.275, p-value = 0.000) with VAF 68 percent, which indicates partial mediation. VAF is used to indicate the amount of the indirect impact relative to overall effects, and it is calculated as a percentage of total effects. Table 6 shows that there is partially mediating the impact of both the direct and indirect effects (Nitzl et al., 2016). Figures 3, 4.
[image: Figure 3]FIGURE 3 | Composite reliability.
[image: Figure 4]FIGURE 4 | Bootstrapping.
DISCUSSION
There is no doubt that the findings of this comprehensive study allow business enterprises to develop a deeper understanding of how to appropriately manage their ethical obligations to the natural environment. A range of organizational functions is considered in this study in relation to sustainability performance components (EP, Ec.P, and SP). Based on the results, we conclude that GHRM practices and SP (supporting H1) show a positive correlation, with GHRM bundles facilitating the dissemination of environmental management-based ideologies. In this way, employees are given a chance to properly contribute to the development of the environment within their organization. Having an inspired and dedicated workforce adds economic value to a company as well. Furthermore, it was an important finding which supports previous results of Saeed et al. (2019) that implementing green practices for GHRM bundles and SPs would bring benefits such as cost savings, sustainability, and increased corporate social responsibility, allowing a company to enhance its reputation and improve community health.
According to the findings of Mousa & Othman, (2020) and Longoni et al. (2018), GHRM has a significant positive influence on GI (supported H2). In order to improve innovation and create a sustainable competitive edge, GHRM is necessary to facilitate GI (Jose Chiappetta Jabbour, 2011).
It is important to examine the particular mechanisms underlying the relationship between GI and performance even though the results of the current study confirm GI’s positive correlation with sustainable performance. A strategic fit might exist between GI and EP, Ec.P, and SP, and such practices may positively correlate with these three types of performance (supporting H3) and this finding is parallel with the previous results of Kim et al. (2019), they found an important correlation exists between GI and the optimization of inputs and assets. This results in cost savings through resource recycling, energy-saving initiatives, less rework and waste, improved quality, and a creative approach to creating new products and processes.
In addition to demonstrating how GI can be applied to "GHRM bundle-shaped employees’ who are environmentally engaged, competent, and inspired (contributing to H4), the study also illustrates how shared environmental ideologies and standards may help improve SP. GI practices should be utilized in line with internal resources, as Yu et al. (2020) and Yusoff et al. (2020) have stated.
Taking an interdisciplinary approach, the study contributes to the debate on cross-functional environmental management systems. Earlier important theoretical studies have hypothesized that cross-functional integration is a key to effective environmental management, as demonstrated in this study. In conclusion, this study mostly supports the hypothesized mediation model in which GHRM and GI practices should be coordinated and designed cross-functionally. It is crucial that human resource practices align in order to reduce barriers to GI adoption, which in turn helps firms green. Thus, green training programs need to pay more attention to GI, which will improve the organization’s SP (Gilal et al., 2019).
Theoretical Implications
Thus, the present study contributes to the RBV literature by examining the combined impacts of resources (GHRM and GI) on sustainability performance and identifying which aspects contribute to improved performance (Renwick et al., 2013). Therefore, this study demonstrates that the implementation of GI by firms can be enhanced through the use of GHRM, which, in turn, would enhance firms’ sustainability. Additionally, this study both confirms and enhances the traditional understanding. The study demonstrates that environmental management practices in the human resource and innovation sectors can result in greater sustainability. As a result, this study adds substance to previous meta-analyses that indicate that HRM practices and innovation can improve firms’ competitiveness. Consequently, the present study contributes to implementing green management at the cross-functional level by demonstrating how green performance can be enhanced by creating a resource (for example, skilled, competent, and motivated staff) within GI through GHRM. In light of these findings, it is essential that environmental plans develop GI alongside GHRM practices. Consequently, this study’s results are consistent with those of other studies that have highlighted how important it is to have an effective green HRM program (Pham et al., 2020).
Green human resource management and innovation initiatives can result in more sustainable firms through a link between green human resource management and innovation practices, which has not been explored in developing countries’ manufacturing industries (Chaudhary, 2020). In addition, it continues to develop research on sustainable performance by studying how three major elements of GHRM can be interrelated in manufacturing for sustainability (EP, Ec.P, and SP). Therefore, identifying these links serves as a means of identifying the priority and validity of GHRM and GI in manufacturing contexts, thus adding to our understanding of the strategic links between human resources and innovation that manufacturing firms need to achieve environmental sustainability. In addition, because empirical research linking GHRM and GI is rare, this study brings evidence from a developing country (for example, the Kingdom of Saudi Arabia) into the literature.
Managerial Implications
From an operational point of view, this study can assist manufacturing firms in establishing environmental strategic objectives that are linked with particular aspects of their HRM and innovation practices. As a result, employees are likely to become deeply involved in shaping environmental policies (Mousa & Othman, 2020). Empirical evidence suggests that companies need to adopt an environmental management process that appeals to both human resource managers and operations managers, since such a shift may help ensure the long-term sustainability of a business. In addition, the study helps managers orient their GHRM efforts toward HR initiatives that enhance employee motivation and knowledge and synergistic investments in HR. The management should then continue to invest in innovative processes and create cross-functional management approaches for green management. Additionally, the findings of this study provide managers with suggestions that will help them improve sustainable performance. A GI-based approach can positively affect sustainable performance (Farza et al., 2021). Thus, integrating environmental standards beyond organizational limits is not a significant indicator of how a company will perform, so paying special attention to this issue may be inconvenient. As an example, managers should focus on human resources. Also, promoting green hires and selections while providing sufficient environmental awareness training to all employees, top management needs to acknowledge that resistance to change can hinder GI implementation. This barrier is easily overcome by promoting green hiring and selection. It was the goal of this study to provide manufacturers with empirical evidence as to what actions could have the most impact on the TBL of sustainability in order for them to better comprehend the impacts of such actions.
Limitations and Future Research Directions
The limitations of our study are presented and also the directions for future research. Our study was limited to the manufacturing sector in the Kingdom of Saudi Arabia, and therefore, cannot be generalized to non-manufacturing sectors. To that end, we recommend extending our conceptual research framework to non-manufacturing sectors in the future. In the present study, environmental beliefs and values, which moderate the relationship between HRM and performance, were not examined at the employee level. Therefore, we propose that future research should identify the contribution of employees’ environmental values and beliefs to understanding how green HRM affects green innovation. The third limitation of this study was that only internal factors related to sustainable strategies were examined. A future study should encompass both internal and external factors in order to understand how proactive sustainable strategies can be developed, implemented, and maintained. We also surveyed how organization members perceive sustainability and green innovations. Future research should sample perceptions of internal and external stakeholders to better understand green innovation and sustainable performance.
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In order to examine the key determinants of carbon dioxide emissions and judge whether China’s carbon dioxide emissions can reach their peak value before 2030, this study first uses the extended STIRPAT model to analyze the determinants of China’s carbon dioxide emissions from 1995 to 2019 and then uses the model regression result to forecast the carbon dioxide emissions from 2020 to 2040 under six scenarios to investigate their prospect. It is found that population size, GDP per capita, energy intensity, the share of coal consumption, urbanization level, the share of secondary industry, and investment have significant positive effects on carbon dioxide emissions. Among them, the influence of population size is the biggest and energy intensity is the weakest. China’s carbon dioxide emissions can reach their peak in 2029 under the baseline scenario. Increasing the rate of population growth, energy intensity, and share of coal consumption will push back the peak year. A lower rate of economic growth and share of the secondary industry will bring the peak year forward. Therefore, it is necessary to optimize the industrial structure and energy consumption structure, reduce the energy intensity, and control the population size in order to achieve the goal of peaking carbon dioxide emissions as soon as possible.
Keywords: carbon dioxide emissions, STIRPAT model, scenario analysis, peaking carbon dioxide emissions, China
INTRODUCTION
With the rapid development of the world economy, the expansion of the population, the modernization of transportation, the massive consumption of fossil energy, and a significant increase in greenhouse gases in the atmosphere have led to a rise in the temperature and sea level, as well as more frequent extreme weather events, climate change has become a common challenge for all mankind. The increase in greenhouse gases is mainly due to carbon dioxide, the main contributor to global warming. Therefore, taking positive action at the global level to reduce carbon dioxide emissions is considered to be a top priority.
Since the reform and opening-up, China’s economy has experienced sustained rapid growth and made remarkable achievements. But for a long time, the extensive growth mode brought tremendous pressure on resources and the environment. Since 2007, China has become the largest emitter of carbon dioxide in the world, accounting for about 30% of the global total emissions in 2018 (Ren and Long, 2021), and as of 2019, the carbon dioxide emissions are still not peaking or showing a slowing trend (IEA, 2021). Facing the grim situation of carbon dioxide emissions reduction, as a responsible major country in the world, China plays an important role in reducing carbon dioxide emissions. At the general debate of the seventy-five session of the UN General Assembly, the Chinese government declared that China will increase its national autonomous contribution and adopt more effective policies and measures for peaking carbon dioxide emissions before 2030, toward carbon neutrality by 2060. The goal of peaking carbon dioxide emissions and carbon neutrality is one of the most important tasks for China to carry out the concept of ecological civilization. Carbon neutrality was listed as one of China’s eight key economic tasks in 2021, which is enough to reflect the importance of carbon neutrality (Wen et al., 2022). As a result, the Chinese government has set the targets of differentiated peak emissions by region and industry (Fan and Lu, 2022). However, China still faces many difficulties in achieving the carbon dioxide emissions reduction target due to the large gap in regional economic development. In this context, whether China can realize the promise of peaking carbon dioxide emissions by 2030 is a hot issue that people are concerned about and discussing (Fang et al., 2022; Tang et al., 2022).
The carbon dioxide emissions are affected by many factors, and the changes in these factors will directly affect the carbon dioxide emissions and the formulation of China’s emissions, reduction policies, and strategies. Therefore, it is necessary to analyze the major determinants of carbon dioxide emissions, explore the form and intensity of their effects on carbon dioxide emissions, and forecast China’s carbon dioxide emissions in the next 20 years based on the changes in these determinants. The analysis results are of great significance for China to choose the solution path to reduce carbon dioxide emissions so as to achieve the peaking carbon dioxide emissions as soon as possible.
LITERATURE REVIEW
With the increasing severity of climate change, in recent years, the determinants of carbon dioxide emissions have gradually attracted the wide attention of scholars in different countries and regions around the world, and the key determinants are analyzed from different perspectives. For instance, Xu and Lin (2015a) research the relationship between economic growth, energy intensity, and carbon dioxide emissions in China. Shi (2003), Fan et al. (2006), Zoundi (2017), Lin and Raza (2019) explored the impact of the population change on carbon dioxide emissions. Martínez-Zarzoso and Maruotti (2011), Xu and Lin (2015b) analyzed the impact of urbanization on carbon dioxide emissions. Bento and Moutinho (2016) and Bélaïd and Youssef (2017) explored the relationship between non-renewable, renewable electricity production, and carbon dioxide emissions. Du et al. (2012) show that economic development, technological progress, and industrial structure are the most important factors influencing carbon dioxide emissions in China. Shuai et al. (2018) show that the ratio of tertiary to secondary industries and fixed asset investments are the key factors for carbon dioxide emissions in China. Alola (2019) finds that trade policy; monetary policy, and immigration index have a positive and significant impact on carbon dioxide emissions. Wu et al. (2020) investigate the effect of energy consumption on carbon dioxide emissions under different environmental regulations. Wu et al. (2021) study the impact of internet development on energy saving and emission reduction. Yang et al. (2021) find that fiscal decentralization and urban sprawl have a significant impact on air pollution. Hao et al. (2022) explore the relationship between environmental emergencies, environmental decentralization, and regional corruption. Işık et al. (2019) test the EKC hypothesis through the independent variables of real GDP, population, and renewable energy, and fossil energy consumption.
In addition to the abovementioned factors, other factors are investigated in some research. We need to use mathematical models to quantitatively analyze how these factors influence carbon dioxide emissions. The common models include the IPAT model, STIRPAT model, and LEAP model. Shuai et al. (2017) thinks that the three models are based on the actual statistical data and the results of their analysis are more convincing. Because the STIRPAT model is a multivariable nonlinear model and can be expanded to incorporate additional factors, it became a well-known model that is widely adopted to uncover the impact factors of pollutant emissions (Wang et al., 2017). For example, Shahbaz et al. (2016), Lin et al. (2017), Dong et al. (2019), Wu et al. (2019), Tang and Hu (2021), Liu et al. (2022) analyzed the determinants of carbon dioxide emissions by applying the STIRPAT model. Of course, other methods are used in other studies. For example, Işık et al. (2017) use the Zivot-Andrews unit root tests and the autoregressive-distributed Lag (ARDL) models to investigate the dynamic causalities between influencing factors and carbon dioxide emissions. Dogan and Seker (2016) analyze the impact of renewable and non-renewable energy sources on carbon dioxide emissions by using dynamic ordinary least squares estimation. Zhang Y. J. et al. (2017) constructs a system generalized method of moments (SGMM) model to assess the impact of environmental innovation on carbon dioxide emissions. Yao et al. (2018) use the threshold regression model and the mediating effect model to analyze the influencing factors of carbon dioxide emissions. Gong et al. (2022) use the factor decomposition model to analyze the influencing factors and effects on carbon dioxide emissions. Shum et al. (2021) uses the LASSO model to rank the relative importance among the set of factors affecting carbon emissions.
Regarding China’s peaking carbon dioxide emissions, experts and scholars use different models to forecast the peak year and peak value. A scenario analysis is the most widely used method, and it is also often combined with the STIRPAT model to forecast carbon dioxide emissions in different scenarios (Cui et al., 2021; Fan and Lu, 2022). On the national level, some scholars argued that China will peak in 2030 by improving the energy efficiency (Xu et al., 2021) but others argued that it will be hard to realize China’s commitment to the international community (Chen et al., 2020). In addition, there are some forecasting studies on different industries and regions, such as Fan and Lu (2022), which analyzes the possibility of the peaking carbon dioxide emissions from Chinese ports, and Ren and Long (2021), which explores whether Guangdong Province can achieve the peaking carbon dioxide emissions by 2030.
Above all, regarding whether China can achieve peaking carbon dioxide emissions commitment on time, the academia has not yet reached an agreement (Wu et al., 2022). The policies and recommendations for emissions reduction vary from study to study. It is found that the existing literature mostly forecast China’s carbon dioxide emissions in 2030, and to see if it reaches their peak, but there is no concern about the later rebound of carbon dioxide emissions. About the analysis of the determining factors of carbon dioxide emissions, most of the literature only considered a few factors, not comprehensive.
Based on this, this study attempts to improve the existing literature. The contributions of this study are as follows: First, it forecasts China’s carbon dioxide emissions according to the development trend of the determinants in the future. Different from the existing literature that only forecast 2030; this study extends the forecast period to 2040 to observe whether the carbon dioxide emissions will continue to decrease after 2030. Such a long-term forecast could help the Chinese government develop more targeted policy measures to achieve carbon neutrality by 2060. Second, as many factors as possible are selected as variables, not only including economic, population, and other recognized factors, but also the introduction of investment, urbanization, and other factors to a certain extent will dominate China’s economic structure, and can more fully reflect the external interference factors of carbon dioxide emissions. The extended STIRPAT model is used for estimation, at the same time, by combining ridge regression to overcome multicollinearity, the estimated effect of the STIRPAT model is improved and the result is more reasonable. Third, six scenarios are designed to investigate the influence of different variables on peaking carbon dioxide emissions and to reveal how different policies would affect carbon dioxide emissions. The research in this study is helpful to identify the carbon dioxide emissions in various scenarios in China in the future. Based on the results of the scenario simulation, the government can set up a reverse forcing mechanism in time, formulate corresponding measures and policies, and find an effective way to reduce emissions.
METHODOLOGY AND VARIABLE DESCRIPTION
STIRPAT Model and Forecast
The STIRPAT model is derived from the IPAT equation. The IPAT equation, which is proposed by Ehrlich and Holdren (1971), holds that the environment (I) is the result of the combined effect of the population (P), level of economic development (A), the progress of science and technology (T), and the formula is [image: image]. However, the IPAT model assumes that the driving factors are linear with the environment, which is inconsistent with the actual situation. Japanese scholar Kaya (1990) transforms the IPAT model into the Kaya model to reflect the quantitative relationship between population, economy, energy, and carbon dioxide emissions. The formula is:
[image: image]
where [image: image] is GDP per capita, represents the level of economic development, [image: image] is energy intensity, and [image: image] is the amount of carbon dioxide emissions per unit of energy consumption. Dietz and Rosa (1994) introduce random factors into the IPAT and Kaya model to construct the STIRPAT model. The formula is:
[image: image]
where [image: image] is the model constant term, [image: image] is the coefficient of P, A, T, and [image: image] is the random disturbance term. Except for P, A, T, we selected some other determinants of carbon dioxide emissions as the control variables (Xk), and an extended STIRPAT model based on the STIRPAT model is constructed as follows: 
[image: image]
To reduce possible heteroscedasticity, log both sides of the model to get:
[image: image]
Assuming that the relationship between the above factors and carbon dioxide emissions in the STIRPAT model persists over the long-term, then we can use this relationship to forecast China’s carbon dioxide emissions in 2020–2040 and to see if can reach their peak by 2030. In this study, the scenario analysis method is used for the forecast. By first setting the 2020–2040 values for each of the determinants and then bringing them into the STIRPAT regression result, carbon dioxide emissions can be calculated.
The setting of the forecast value of each variable in the scenario analysis method should refer to the relevant policy planning, the law of development of developed countries, and be compared with the change rate of different stages in the past, ensure that the data are set in line with the actual situation of economic and social development. First, a set of baseline scenarios is set, and then we adjusted the setting of a key variable to investigate the effect of this variable change on the peaking carbon dioxide emissions.
Variable Description
Carbon Dioxide Emissions
The specific formula for calculating carbon dioxide emissions is as follows:
[image: image]
where [image: image] is the consumption of type i energy, [image: image] is the conversion factor from physical units to coal equivalent, [image: image] is the factor of carbon emissions (Table 1), and 44/12 is the conversion factor of carbon to carbon dioxide. The selected energy sources include coal, coke, crude oil, fuel oil, gasoline, kerosene, diesel oil, and natural gas. Thirty provincial-level data (excluding Tibet, Hong Kong, Macao, and Taiwan) from 1995 to 2019 are selected here to calculate the total national carbon dioxide emissions. All data come from China Statistical Yearbook and China Energy Statistical Yearbook.
TABLE 1 | Factor of carbon emission.
[image: Table 1]Formula (5) is used to calculate China’s carbon dioxide emissions from 1995 to 2019, as shown in Figure 1. It can be seen that during the study period, overall, China’s carbon dioxide emissions are on the rise, but the rate of increase in each stage is different. From 1995 to 2002, China’s energy-intensive enterprises were shut down as a result of the adjustment of energy and environmental policies, and the impact of the Asian financial crisis and other factors slowed the growth of carbon dioxide emissions. From 2003 to 2011, under the influence of China’s macroeconomic policies, such as expanding domestic demand, the economy continued to grow at a relatively fast pace, especially the rapid expansion of energy-intensive industries such as cement, which has led to a marked acceleration in the growth of carbon dioxide emissions in this period. After 2011, the government departments at all levels have gradually increased their attention to resources and the environment, new energy-saving and emission-reduction policies have been introduced, and energy-saving and emission-reduction targets have been set, so the growth rate of China’s carbon dioxide emissions has been gradually slowing down.
[image: Figure 1]FIGURE 1 | China’s carbon dioxide emissions in 1995–2019 (100 million tons).
Other Variables
In this study, the variables of interest are P, A, and T. The population size is used to measure P (Zoundi, 2017; Lin and Raza, 2019), and GDP per capita is used to measure A (Dong et al., 2019; Shuai et al., 2018). Reference Poumanyvong and Kaneko (2010), Zhou and Liu (2016), energy intensity (EI) is used as the progress of science and technology (T). According to the determinations selected in the related literature, the control variables (Xk) selected in this study include the share of coal (ES) and the share of renewable energy (RE) in total energy consumption (Bento and Moutinho, 2016; Bélaïd and Youssef, 2017), urbanization level (UR, Martínez-Zarzoso and Maruotti, 2011; Xu and Lin, 2015b), the share of secondary (SS) industry and the share of tertiary (TS) industry in GDP (Wu et al., 2019), degree of dependence on foreign trade (FT, Alola, 2019), and investment (INV, Shuai et al., 2018).
The statistical description of the variables is shown in Table 2. The GDP is expressed in 2000 prices. Here, the selected related data is from 1995–2019 in China.
TABLE 2 | Statistical description of variables.
[image: Table 2]EMPIRICAL RESULTS AND SCENARIO ANALYSIS
Empirical Results
Results of the STIRPAT Model
Using the formula (4) to analyze the determinants of carbon dioxide emissions in China, the least square estimation (OLS) is used first. The result shows that apart from GDP per capita and energy intensity, the estimated coefficients of other variables are not significant and the result of RStudio running suggested that the condition number is too large and there may be serious problems such as multicollinearity. To further determine whether the data is multicollinearity, this study first calculates the correlation coefficients between any two variables. The test result shows that the absolute values of correlation coefficients between any two independent variables are more than 0.6 except lnFT, and the tests of significance of correlation coefficients show that there are linear relationships between variables except lnFT; this indicates the existence of multicollinearity.
In order to solve the multicollinearity problem and guarantee the validity and accuracy of the regression model, the ridge regression method is adopted in this study. Ridge regression is a kind of biased estimation regression method specially used for multicollinearity data analysis. In essence, it is an improved least square estimation method. By abandoning the unbiased nature of least squares, the regression coefficient obtained at the cost of losing part of the information and reducing the precision is more practical and reliable, and the tolerance to the ill-conditioned data is much stronger than that of the least-squares.
First, we need to determine the ridge parameter (k, the final value of k usually lies in the range of (0, 1)). Since the ridge regression is biased, the k value should not be too large in order to retain information as much as possible and should take the k value when the ridge trace is basically stable (Xiong et al., 2020). The formula (4) is regressed and the results show that when k = 0.059, the regression coefficients tend to be stable. The regression coefficients of lnRE, lnTS, and lnFT are not significant, so we get rid of these factors. The final regression results are shown in Table 3.
TABLE 3 | Results of ridge regression.
[image: Table 3]In order to get more robust estimates and ensure the reliability of the conclusions, this study tests the robustness by removing the control variables, changing the sample interval, and adjusting the ridge parameters. The test results show that the regression coefficients’ sign of the three variables of interest is not changed, and the influence degree on carbon dioxide emissions is relatively stable, which ensures the robustness of the estimation results.
Discussion
The coefficients of all variables are positive and in line with their economic significance, indicating that the larger the population size, GDP per capita, energy intensity, share of coal consumption, urbanization level, the share of secondary industry, and investment, the higher the carbon dioxide emissions will be. However, there are significant differences in the degree of influence of each factor on carbon dioxide emissions.
Among the variables of interest, the population size has the strongest influence with a coefficient of 1.8737. This is perhaps unsurprising, China has a huge population size, and its growth will directly lead to a shortage of living space and a demand for large-scale construction and infrastructure, resulting in huge energy consumption, and an increase in carbon dioxide emissions. Such a result is consistent with most existing studies (Cui et al., 2017; Wu et al., 2019; et al.). Although China’s natural population growth rate has been declining over the past two decades, rapid urbanization has led to a significant increase in per capita energy consumption and carbon dioxide emissions, and thus the population size is an important determinant of China’s carbon dioxide emissions.
Although the coefficient (0.2935) is much smaller than the population size, GDP per capita has a positive effect on carbon dioxide emissions; this result is consistent with our expectation. Because China is a developing country, as the economy grows, carbon dioxide emissions continue to increase, the turning point of the Environmental Kuznets Curve (EKC) has not yet arrived (Du et al., 2012), especially in the period 1995–2019 of this study, which means China can not achieve a win-win combination of emission reduction and economic growth. However, as China’s economy has changed from a high-speed growth stage to a high-quality development stage, the intensity of the effect of GDP per capita on carbon dioxide emissions is expected to decline, but the positive relationship will maintain for a longer period.
Although the coefficient is minimal (0.1742), the effect of energy intensity on carbon dioxide emissions is positive. Because China’s energy consumption is dominated by fossil fuels, especially coal, it produces more carbon dioxide emissions at the same energy intensity. The energy intensity represents the level of technology, as technology improves, energy consumption per unit of GDP or energy intensity decreases, further reducing carbon dioxide emissions. This has been confirmed by many studies, such as Du et al. (2012), Dong et al. (2019). In contrast, reducing energy intensity is an important and practical way to reduce carbon dioxide emissions.
Among the control variables, the share of coal consumption has the strongest impact on carbon dioxide emissions. In China, the share of coal consumption is more than 50%, and coal consumption produces more carbon dioxide emissions than other energy, so the high share contributes to the high emissions. But the high share of coal is determined by China’s energy endowment (it has more coal, less oil, and gas), which is hard to reverse in the short term. This is one of the main difficulties China faces in reducing its carbon dioxide emissions.
The influence of the share of secondary industry is weaker than that of coal but stronger than other variables. The secondary industry is energy and carbon-intensive industry, thus the rise of its share contributes significantly to the increase of carbon dioxide emissions, this is consistent with Wei et al. (2017) and Wu et al. (2019). Given that China is the world’s factory and its manufacturing sector is deeply involved in the global division of production. In order to meet the demand of the international market, it is difficult for the share of secondary industry to decline significantly, which is an important constraint on reducing carbon dioxide emissions.
The coefficient of urbanization level is positive. China is in the process of urbanization, and the accelerated development of housing, transportation, and other infrastructure will increase carbon dioxide emissions (Parshall et al., 2010; Hao et al., 2016). Compared with the average urbanization rate of more than 80% in developed countries, China’s current urbanization rate is only about 60%. The process of urbanization still has a long way to go and the pressure of carbon dioxide emissions caused by urbanization will exist for a long time.
Investment has a positive effect on carbon dioxide emissions (Zhao et al., 2016). The investment contributes to carbon dioxide emissions through economic growth. Because China’s economy is an investment-led model, investment has long been an important driver of China’s economic growth and has often driven the development of infrastructure-related industries such as steel and cement. These are very energy-intensive industries, and their growth has led to an increase in carbon dioxide emissions.
Scenario Analysis
Scenario Setting
In the process of China’s economic development, the government plays an active guiding role, and the medium-and long-term development plans formulated by the government are usually well implemented. Therefore, it is reasonable to take the target set by government planning as the reference standard for scenario simulation. For those variables that the government has not set planning objectives, the value of the variables should be set according to the law of recent changes. In addition, China has already entered the middle-income countries, and in the process of transferring to the high-income countries, the speed of economic development and the rate of investment have both decreased correspondingly; therefore, we can set the change of China’s economic index in the next 20 years according to the change rate of the economic index in other developed countries at a similar stage of development. On this basis, the variables in the baseline scenario (scenario 1) are set to forecast China’s carbon dioxide emissions in 2020–2040. Reference to Fan and Lu (2022), the baseline scenario is neutral and the most likely scenario. However, it is also important to consider the impact of various future favorable or unfavorable factors, so possible optimistic or pessimistic scenarios for peaking carbon dioxide emissions need to be discussed by raising or lowering the values of the variables. Then, based on the baseline scenario, the rate of change of a variable was adjusted to set scenarios 2–6 to test the effect of the change of that variable on the peaking carbon dioxide emissions.
Scenario 1, is the baseline scenario. Since the official data for 2020 for each independent variable have been released, based on this, we can forecast the carbon dioxide emissions in 2020. According to the report on the work of the government in 2022, China’s GDP will grow by 8.1% in 2021 and is expected to grow by 5.5% in 2022. Therefore, this scenario set the GDP growth rate is 8.1% in 2021, 5.5% in 2022–2025, 5.4% in 2026–2030, 5.3% in 2031–2035, and 5.2% in 2036–2040. According to the National Population Development Plan (2016–2030), the total population of China will reach about 1.45 billion by 2030. Using this as the forecast value of 2030, the average annual growth rate of the population in 2020–2030 can be calculated, the growth rate is used to forecast the population size in each year from 2021 to 2040, and further calculate the GDP per capita in each year. According to the report of China’s medium-and long-term energy development strategy (2030,2050), the energy intensity in 2030 will be 68% lower than that in 2005, the energy intensity for 2030 can be calculated, and then the average annual growth rate in 2020–2030 is calculated to forecast the energy intensity from 2021 to 2040. Based on the law of decline in the share of coal consumption in recent years in China, the share of coal consumption is set to decline by 1 percentage point per year between 2021 and 2040. The China National Human Development Report 2013 of the United Nations Development Programme forecasts that China’s urbanization rate will reach 70 percent by 2030, based on this, the average annual growth rate in 2020–2030 can be calculated to forecast the urbanization rate from 2021 to 2040. According to the law of decline in the share of secondary industry in recent years in China, the share of secondary industry is set to decline by 0.5 percentage points per year from 2021 to 2040. Referring to the investment rate of the moderately developed countries, the investment rate is set at 30% in 2040, and then the average annual growth rate in 2020–2040 is calculated to forecast the investment rate from 2021 to 2040. The investment rate times GDP to get the gross fixed capital formation in 2021–2040.
Scenario 2, to examine the effect of population size on carbon dioxide emissions in 2021–2040, the population size is adjusted in this scenario. Considering the full implementation of the “two-child policy” in 2015, the population is likely to maintain rapid growth for a longer period of time, so the population size is assumed to grow at an average annual growth rate from 2015 to 2020, the population size from 2021 to 2040 can be forecast. The size of the population calculated in this way is larger than scenario 1 and this is a pessimistic scenario for peaking carbon dioxide emissions.
Scenario 3, to explore the effect of economic growth on carbon dioxide emissions in 2021–2040, we assumed an 8.1% GDP growth rate in 2021 and 5.5% in 2022, since then it is declined by 0.1 percentage points per year. This is because the economic downward pressure is likely to continue to increase due to the impact of the coronavirus disease 2019 (COVID-19), the global demand for Chinese products continues to decline, and China’s growth rate is likely to continue to decline moderately. This low economic growth is optimistic for peaking carbon dioxide emissions.
Scenario 4, this scenario adjusts the energy intensity. Although the government has set a reduction target, the rate of decline in energy intensity over the past 5 years has been relatively slow. Refererring to Su et al. (2021), the energy intensity is assumed to grow at a fixed average annual growth rate in 2015–2020, the energy intensity from 2021 to 2040 can be forecast. This relatively slow rate of decline in energy intensity is a pessimistic scenario.
Scenario 5, this scenario adjusts the energy consumption structure. In the past 10 years, the share of coal consumption has dropped significantly, but the dominant position of coal is still just needed, the rapid decline in the future may be hindered. So the share of coal consumption is set to decline by 0.9 percentage points per year from 2021 to 2040, the rate of decline is slower than scenario 1, that is, the share of coal consumption per year is higher than scenario 1. This is a pessimistic scenario for peaking carbon dioxide emissions
Scenario 6, this scenario adjusts the industrial structure. Referring to the changes in industrial structure in moderately developed countries, and reference to Ren and Long (2021), the share of secondary industry is set at 25 percent in 2040, and the average annual growth rate in 2021–2040 is calculated to forecast the share of secondary industry from 2021 to 2039. In this case, the share of secondary industry is lower than scenario 1, this is an optimistic scenario for carbon dioxide emissions.
Scenario Results Analysis
According to the set values of the variables in the above six scenarios, the carbon dioxide emissions of China from 2021 to 2040 in each scenario are forecast, as shown in Figure 2 and Table 4. It can be seen that in scenarios 1, 3, and 6, China’s carbon dioxide emissions will peak by 2030 or before, and China will be able to achieve its peaking carbon dioxide emissions target. Under scenario 1, a peak of 18.5189 billion tons will be achieved in 2029, an increase of 359 million tons over 2019. Scenarios 2, 4, and 5 will peak between 2030 and 2040, with peaks in 2033, 2034, and 2033, respectively. It is worth noting that the main purpose of scenario analysis is not to accurately estimate carbon dioxide emissions under specific economic conditions but to reveal how different policies would affect carbon dioxide emissions and then find an effective mitigation pathway (Zhang X. et al., 2017). Therefore, we need to find the pathway to reducing carbon dioxide emissions by comparing different scenarios.
[image: Figure 2]FIGURE 2 | Projected carbon dioxide emissions in six scenarios (100 million tons).
TABLE 4 | Scenarios and forecast.
[image: Table 4]Data Source: Calculated based on the scenario forecast.
In scenario 2, as compared to scenario 1, what changed is population size. It is larger than scenario 1. This has two effects on carbon dioxide emissions, one is that the increase in population size increases carbon dioxide emissions according to the regression results of the STIRPAT model, and the other is that, with GDP unchanged, the population growth reduces GDP per capita, which in turn reduces carbon dioxide emissions. Although the two drivers are opposite, the regression coefficient of the population size variable is higher than GDP per capita, which ultimately leads to higher emissions than scenario 1, with the peak year delayed to 2033 and a peak of 19.0056 billion tons. This is mainly because population size is assumed to grow at an average annual growth rate in 2015–2020 in scenario 2, and China liberalized its one-child policy in 2015, which accelerated population growth and led to an increase in carbon dioxide emissions and a later peak year. Therefore, appropriate control of population size is still necessary to achieve the peaking carbon dioxide emissions as soon as possible.
Compared to the rate of economic growth in scenario 1, the GDP growth rate is lower in scenario 3. which reduces GDP per capita and carbon dioxide emissions when the population remains the same. Scenario 3 will peak at 18.3969 billion tons in 2026 which is similar to scenario 1. It can be seen that the lower economic growth rate will lead to a peak year forward. In other words, the higher economic growth will push back the turning point of the carbon dioxide emissions curve, because if China’s economy is allowed to grow as rapidly as it has over the past few decades, it is bound to continue its extensive growth model of high input and high output, leading to a continued increase in carbon dioxide emissions. This is the main reason why the Chinese government has proposed to promote high-quality development in recent years, not a high rate of development.
Compare scenario 4 with scenario 1 show that, all other things being equal, the 2030 peaking carbon dioxide emissions can not be achieved if energy intensity is projected to decline at the rate of the last 5 years. In this scenario, the carbon dioxide emissions peaked at 19.0624 billion tons in 2034. The reason is that China’s energy intensity has declined slowly in the last 5 years and energy efficiency has not improved significantly. The high energy intensity leads to high emissions, which is not conducive to achieving the peaking carbon dioxide emissions as soon as possible. Therefore, it is reasonable to set the future targets of energy intensity reduction like scenario 1, and the cost of reducing energy intensity is also relatively low. If continuous energy intensity reduction is held back due to the increasing cost and technical difficulties, carbon trading schemes will be one of the most effective measures for encouraging business organizations to improve energy utilization efficiency (Zhou et al., 2014).
Compared with scenario 1, scenario 5 increases the share of coal consumption, resulting in carbon dioxide emissions higher than scenario 1. In this scenario, the carbon dioxide emissions peaked at 18.8222 billion tons in 2033. This means that energy structural adjustment has great potential to reduce carbon dioxide emissions and reducing the share of coal consumption is one of the main measures that can be taken to achieve the goal of peaking carbon dioxide emissions by 2030. Accelerating energy pricing reform is a necessary pathway to energy structural adjustment (Lund, 2007). The government should continue to raise the price of coal consumption, but due to the current high cost and price of clean energy development, to increase their consumption, it can be subsidized.
Compared with scenario 1, scenario 6 reduces the share of secondary industry in GDP, resulting in a faster decline in carbon dioxide emissions, with the peak year moving forward to 2022 and the lowest peak value of 18.1806 billion tons. So the optimization of industrial structure is expected to exert greater emissions reduction potential. In the past 30 years, the industrial sector has been playing the dominant role in China’s carbon dioxide emissions. In contrast, the development of tertiary industry has helped to reduce carbon dioxide emissions. Therefore, optimization of industrial structure is also an urgent task for China to achieve the goal of carbon dioxide emissions.
Each curve in Figure 2 has an inverted U shape, which proves the existence of the EKC curve, but the rate of change and turning point of each curve is different. Scenarios 2, 4, and 5 have a similar trend; the forecast values are higher than scenario 1. This is because scenarios 2, 4, and 5 raise the value of the determination of carbon dioxide emissions, resulting in a later peak year, and a slower rate of decline after the peak. But the curves of scenarios 3 and 6 are lower than scenario 1 and decrease rapidly after reaching their turning points, this shows that optimizing the industrial structure and reducing the economic growth rate is a very effective measure.
CONCLUSIONS, RECOMMENDATIONS, AND LIMITATIONS
Conclusions
Based on the extended STIRPAT model, a fitting model of carbon dioxide emissions and population size, GDP per capita, energy intensity and other factors is constructed, and ridge regression is used to analyze the effects of driving factors on carbon dioxide emissions. Then six scenarios are set up to forecast the peaking carbon dioxide emissions of China from 2020 to 2040. The findings:
(1) Population size, GDP per capita, energy intensity, the share of coal consumption, urbanization level, and the share of secondary industry, and investment all have significant positive effects on carbon dioxide emissions. It shows that the increase in these driving factors will lead to an increase in carbon dioxide emissions. Among them, the influence of population size is the largest, followed by the share of coal consumption, the share of secondary industry, and urbanization level, and energy intensity is the weakest.
(2) The scenario forecast finds that under the baseline scenario China’s carbon dioxide emissions will peak in 2029 and is able to achieve the goal of peaking carbon dioxide emissions. Increasing the rate of population growth, energy intensity, and the share of coal consumption will increase carbon dioxide emissions and push back the peak year. A lower rate of economic growth and a lower share of secondary industry would lead to lower emissions and an earlier peak year.
(3) To ensure the smooth realization of China’s goal of peaking carbon dioxide emissions, it is necessary to control the population size reasonably, reduce energy intensity, optimize the industrial structure and energy consumption structure, reduce the share of coal consumption, and share of secondary industry. At the same time, China should take the ecological civilization construction as the development idea, guaranteeing the economy high-quality development, but not the high-speed.
Recommendations
Achieving the goal of peak carbon dioxide emissions in 2030 will require multiple efforts:
First, China should continue to reduce energy intensity. Although China’s energy intensity has declined in recent years, it is still higher than the world average. Because technological developments and improvements influence the structures and functions of societies (Işık, 2013), the government should actively guide and encourage enterprises to participate in international cooperation and introduce advanced technologies in the field of energy. At the same time, China should continue to improve the independent research and development capability of core energy technologies, provide financial support, and assistance to enterprises in their technological innovation work, increase investment in green technology research and development, and reduce the loss of resources in the process of production, exchange, and consumption to improve energy efficiency. Due to the generally high energy intensity in the western region, it is very important to reduce the energy intensity in the western region, especially in Shanxi and Ningxia provinces. The government should encourage the developed eastern regions to provide green technology and financial support to the West in order to balance regional development.
Second, speed up the adjustment of industrial structure. This is not only an important way to achieve peaking carbon dioxide emissions as soon as possible but also a condition for carbon neutrality by 2060. Although China’s share of the secondary industry dropped below 40% in 2019, it is still relatively high compared with developed countries. Therefore, China should speed up the reduction of the share of secondary industry. A scientific and reasonable plan for reducing the production capacity of high-energy consuming industries should be made as soon as possible at the national level in China, clear the objectives and tasks of all regions and high-energy-consuming enterprises to reduce their production capacity. Governments at all levels should accelerate the green transformation of steel, petrochemical, chemical, non-ferrous metals, building materials, textiles, leather, and other industries, and encourage the use of energy-saving and environmental-friendly materials in the construction industry. At the same time, China should develop vigorously the modern service industry, develop new-generation information technology, biotechnology, high-end equipment, new energy, new materials, other strategic emerging industries, and promote the convergence of emerging technologies and industries such as the internet, artificial intelligence, big data, and 5G. Green finance should also be taken seriously, developing green credit and green direct financing, and strengthen the assessment of green financial performance of financial institutions.
Third, continue to optimize the energy consumption structure. Due to the imperfect security mechanism of non-fossil energy development and the high cost of new energy, China still consumes most of its energy from fossil energy, especially the share of coal consumption is still higher than 50%. Therefore, China should accelerate the development of clean energy, research and develop low-carbon cutting-edge technologies, accelerate the development of key core technologies, and improve the absorption level of renewable energy such as wind, solar, and hydroelectricity. The government should continue to raise the price of coal consumption and limit the speed of coal mining. At the same time, China should improve the mechanism to ensure the development of non-fossil energy, accelerate technology research and development to reduce the production cost of renewable energy, give tax preference or financial subsidy to new energy products, and reduce the consumer prices of it to encourage people to buy new energy products such as new energy vehicles, and continue to increase the proportion of new energy consumption.
In addition, since the COVID-19 spread around the world, the global economic outlook is more uncertain than ever before (Işık et al., 2020). The pandemics may profoundly impact human beings (Ahmad et al., 2021). The impact has led to a reduction in social activities and industrial production and a significant reduction in energy demand and carbon dioxide emissions. But this uncertainty may be temporary and carbon dioxide emissions are likely to rebound in the next few years. So to ensure that the peaking carbon dioxide emissions is reached on schedule, China must incorporate strong climate governance actions into future planning, underpinned by structural economic change and choose a recovery path that is conducive to green stimulus and less investment in fossil fuels.
Limitations
However, it should be noted that our study may have several limitations. For one thing, limited by the availability of energy data, the sample size of data is relatively small and the result of the STIRPAT model may only reflect the situation from 1995 to 2019. Although the coefficients of variables are as expected, their size may be different from that of a large sample, so the sample size should be expanded in future research. For another, the selection of control variables may not be comprehensive, there may be some missing information and future research should increase the number of determinants to obtain more perfect information. Moreover, in this study, only six scenarios are set for forecast analysis, which may not fully reflect the impact of each determinant on carbon emissions. In the follow-up study, more scenarios should be set to find more pathways.
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As a convenient means of transportation, high-speed rail (HSR) plays an important role in green development. In the context of the rapid development of China’s HSR, this study selects the SBM-DDF-SML model to construct the green total factor productivity (GTFP) index to measure urban green development; moreover, it empirically tests the impact of the opening of the HSR on GTFP using the spatial difference-in-differences (SDID) model. The results show that the opening of the HSR could significantly promote GTFP for HSR-served cities. In addition, the opening of HSR has a positive effect on the GTFP for neighboring HSR-served cities but a negative impact on that for neighboring non-HSR-served cities. The mechanism test shows that HSR can influence GTFP by promoting urban green innovation and entrepreneurial vitality. This study is a supplement to the research on the impact of HSR on the GTFP, in order to provide corresponding policy advice. The government should optimize the layout of HSR and help cities achieve green and sustainable development.
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1 INTRODUCTION
Since the Industrial Revolution, accompanied by the prosperity of the world economy, environmental pollution has become increasingly severe (Chen and You, 2021). Environmental pollution has seriously impaired human physical and mental health (Chen et al., 2013; Calderón-Garcidueñas et al., 2014). In particular, the accumulation of greenhouse gases, which leads to the frequent occurrence of all kinds of weather and climate events, has brought severe threats to human society (Han et al., 2020). Governments and environmental protection organizations around the world have made great efforts to deal with the issues of environmental pollution and climate change (Rehman et al., 2022). However, the problem of environmental degradation has not been effectively curbed. According to a report on global climate change released by the World Meteorological Organization in 2020, in the first half of the 21st century, global greenhouse gases reached the highest level they had attained in three million years (Guo et al., 2021). In coping with environmental pollution, green growth has increasingly become one of the most favored development models in modern society.
China is the largest developing country, and its economic development and environmental pollution issues have a high profile around the world (Zhang et al., 2020). After the reform and opening up, China quickly became the second-largest economy, growing at a three times higher rate than the global average annual growth rate. However, it has also paid a heavy environmental price for economic growth (Xia and Xu, 2020), in terms of air pollution (Zeng et al., 2019), soil pollution, and deteriorating water quality (He et al., 2020). The environmental pollution issues in China were already quite severe (Yang et al., 2021), restricting the country’s economic development. Over time, the contradiction between China’s economic development and environmental protection has become increasingly prominent (Li T. et al., 2020). Transforming the mode of economic development to improve the quality of economic growth has become an important means of resolving the contradiction between economic development and environmental protection (Yang et al., 2021).
Green development is a development model that essentially involves balancing economic development and environmental protection. In this sense, GTFP is a reasonable quantification of green development (Liu G. et al., 2020). Hence, improving GTFP has become an important means of coordinating the relationship between the environment and economy (Zhao et al., 2020) and an inevitable choice for achieving economic quality improvement (Gao et al., 2021). The impact factors of GTFP have been extensively studied, including environmental regulations (Zhao et al., 2020), industrial structures (Peng et al., 2020), factor market misallocations (Zhang et al., 2019), and development of the internet (Li T. et al., 2020). In addition, public infrastructure is regularly treated as the key to promoting economic efficiency by reducing production costs and transaction costs (Chen and Vickerman, 2016; Diao, 2018). The role of rail transit in reducing air pollution (Zheng S. et al., 2019; Guo and Chen, 2019) and improving environmental quality (Fan et al., 2020; Guo et al., 2020) has also been widely confirmed. This raised the question of what impact HSR, which integrates clean, speed, convenience, and safety (Guo et al., 2020), has on the GTFP? However, despite the importance of the topic, few scholars have discussed this issue in detail at present. Thus, this study is a supplement to the research on the impact of traffic infrastructure on the GTFP.
After the opening of the world’s first HSR, Japan’s Shinkansen Line in 1964, Western countries such as Germany, France, and Italy successively started a wave of HSR construction (Guo et al., 2020). Since China’s first HSR, the Beijing–Tianjin Intercity Railway, opened in 2008, the construction of HSR in China has been increasing at an alarming rate. In addition, the “8 + 8” corridor HSR framework has gradually come into being in China (Yu et al., 2019). By 2020, the operating mileage of HSR in China reached 35,000 km, accounting for more than half of the global HSR operating mileage and ranking first in the world (Huang and Zong, 2021). Now, more and more travelers take HSR as their preferred mode for traveling (Guo et al., 2020). Meanwhile, as a novel transport tool with the characteristics of safety, comfort, and efficiency (Cheng, 2010), HSR shortens the travel time between cities (Jiao et al., 2017) and changes individual travel patterns (Li et al., 2016). Moreover, the role of HSR has become increasingly prominent in promoting economic restructuring (Chen, 2012) and optimizing resource allocation (Zhu et al., 2020). Hence, the positive impact of HSR on socioeconomic booms has been widely accepted by scholars (Ke et al., 2017). In addition, the literature also talks about the positive relationship between HSR and pollution reduction effects (Dalkic et al., 2017), although there is another view to the effect that HSR has a negative impact on the ecological environment (Kaewunruen et al., 2019). Moreover, there is spatial unevenness in the improvement of regional accessibility by the opening of HSR, which leads to uncertainty about the positive economic effect of HSR. On occasions, some scholars have found that HSR will only promote economic growth in HSR-served cities, causing economic recession in non–HSR-served cities (Martin, 1997). Therefore, the impacts of HSR on the economy and environment are still much debated (Chen, 2012; Chen et al., 2016). This has caused us to rethink the relationship between HSR and socioeconomic development and ask the following question: can the opening of HSR improve GTFP?
In China, HSR projects are mainly planned by the state based on economic benefits and security issues. However, the economic benefits brought by HSR have led cities to confront in competition for HSR stops. In 2009, in Shaoyang, Hunan Province, 10,000 citizens took part in a campaign lobbying for an HSR to pass through their city. Following this, a fierce competition for HSR stations between neighboring cities nationwide, such as Shiyan and Xiangyang, Jingmen and Jingzhou, often arose. What caused the fierce HSR competition? How can this be explained from an economic perspective? Is it just because HSR can boost local economic growth? So far, few scholars have conducted an in-depth analysis of this problem. However, this research will give a more reasonable explanation for the fierce competition between neighboring cities.
Existing studies on HSR projects mainly assume the opening of HSR stations as a quasi-natural experiment, using a difference-in-difference (DID) model to evaluate the impact of this project on local socioeconomic development (Guo et al., 2020; Zhu et al., 2020). However, the DID model cannot effectively assess the socioeconomic impact of HSR on neighboring areas, in particular, on those neighboring areas without HSR stations. Thus, this study adopts a spatial difference-in-difference (SDID) model to identify the impact of HSR on neighboring HSR-served and non–HSR-served cities. This method for evaluating the impact of HSR on GTFP is more complete than the traditional DID model (Chagas et al., 2016).
The main contributions of this study to the existing literature are as follows: First, from the perspective of research, we tested the impact of HSR on GTFP, which enriched the current research on HSR and GTFP projects. Second, in terms of research methods, we adopted the SDID model, which is a frontier approach in econometrics to evaluate the effects of HSR on both HSR-served and non–HSR-served cities. This method can not only measure the effects of HSR on treatment cities but also the spatial spillover benefits to neighboring non–HSR-served cities. This research is conducive to our comprehensive assessment of the social impact of HSR. Moreover, existing research focused on the economic and environmental impacts of HSR, but this study investigates whether the opening of HSR can promote both economic and sustainable development. It provides a systematic empirical analysis framework for future-related research. In addition, our research conclusions can better explain the realistic issues, such as why there is fierce competition for HSR stations between neighboring cities.
2 LITERATURE REVIEW AND HYPOTHESES
2.1 Direct Effects of High-Speed Rail
In the context of green and sustainable development, scholars have included energy consumption and environmental capacity as new input factors in the production function in traditional total factor productivity (TFP) analysis (Feng and Serletis, 2014). Based on these studies, some scholars define input–output efficiency as GTFP, which incorporates energy consumption and pollutant emissions (Chen and Golley, 2014; Zhu et al., 2018). Since then, GTFP has been used to study the input–output efficiency of economic systems (Fare et al., 2007; Chen and Golley, 2014) and assess the sustainability of economic development (Liu G. et al., 2020; Xia and Xu, 2020; Yan et al., 2020). As a phenomenon, the growth of GTFP is considered to achieve both economic growth and ecological development of cities. Environmental degradation has become one of the most important issues because of the increase in CO2 emissions (Fareed et al., 2022). Ullah et al. (2022) examined the relationship between tourism, economic growth, and CO2 emissions in Brazil from 1995 to 2018; they suggested that sustainable and eco-friendly economic growth and tourism policies significantly preserve environmental quality. Rehman et al. (2021) also concluded that export diversification, renewable energy, and regulatory quality are negatively associated with GHG emissions. They proposed mechanisms and pathways to avoid environmental degradation. As mentioned in the previous section, scholars have conducted a series of discussions around the impact factors of GTFP; among these, the role of transportation infrastructure on GTFP has been extensively studied (Zhang et al., 2019; Li Y. et al., 2020; Peng et al., 2020). However, little literature has focused on the relationship between HSR, which represents an essential component of transportation infrastructure and the GTFP.
From an economic perspective, HSR is the “buster” of natural barriers and space-time distance in the new era; it can speed up the flow of labor factors and promote the economic growth of cities along the line (Banerjee et al., 2020). HSR’s social effects have been recorded in many studies, and they include economic growth (Li Y. et al., 2020; Jin et al., 2020), industrial agglomeration (Matas et al., 2020), and city accessibility (Xu et al., 2018). Compared with traditional railroad investment, HSR construction will bring higher economic input (Diao, 2018), and accordingly, higher economic output. Once a government chooses to build an HSR station in a city, the economic indicators of the area tend to show a growth trend (Sun et al., 2020). In addition, investment in HSR drives the development of related industries (Shao et al., 2017; De Rus, 2021). For instance, Bernard et al. (2019) scrutinized the significant impact of firm production chains and supplier selection for Shinkansen in Japan. The study results showed that HSR has a positive influence on firm productivity. Thus, HSR can promote regional economic growth by improving the economic efficiency of enterprises (Pontarollo and Ricciuti, 2020). Second, the continuous improvement of HSR will break the market segmentation between cities (Vickerman, 2018). HSR speeds up the flow of resources, such as technical factors, information factors, and time-sensitive senior talent factors (Wang et al., 2019). It also prompts the redistribution of resource factors that bring new vitality to different cities (Shao et al., 2017). Third, HSR is efficient and convenient, allowing it to compress the time cost between regions (Chen and Haynes, 2015). The construction of HSR enhances accessibility and communication between cities, and it creates good external conditions for urban economic development (Israel and Cohen-Blankshtain, 2010).
From an environmental perspective, the railway network is closely related to energy consumption and environmental pollution (Ibanez and McCalley, 2011). Some scholars have advocated that the government shift road investment to the construction of HSR (Song et al., 2016). The construction of HSR is a practical manifestation of China’s green and sustainable development policy in transportation construction (Song et al., 2016). The positive and negative externalities of HSR have complex effects on environmental efficiency (Sun et al., 2020). It is well known that HSR has high cleanliness and low energy consumption characteristics, which can directly reduce environmental pollution in actual operation (Chester and Horvath, 2012). Car emissions represent the main cause of air pollution (Li and Yu, 2019). HSR reduces traffic congestion and gaseous waste emissions, as well as environmental pollution, by replacing traditional transportation (Anderson, 2014). According to the study of Chen et al. (2016), HSR has a significant and positive effect on environmental degradation. In addition, Wang et al. (2018) found that HSR has a significant impact on enterprise energy saving and emission reduction, and it helps enterprises achieve clean production and reduce pollution emissions. Looking specifically at carbon reduction, Dalkic et al. (2017) noted that HSR consumes fewer fossil fuels for passenger and freight transport, helping reduce carbon emissions. Chen et al. (2016) confirmed the reducing role of HSR on CO2 emissions but pointed out that this effect would be offset by the scale effect of passenger traffic brought by HSR. Chang et al. (2019) used the Beijing–Shijiazhuang HSR line as a research object and found that HSR can significantly reduce greenhouse gas emissions. Compared with road transport and airlines, HSR carries the same number of passengers but consumes half the energy and produces half the CO2 emissions (Åkerman, 2011; Yang et al., 2021). As a result of transportation substitution and technological innovation, the increase in HSR service intensity has significantly reduced carbon dioxide emissions and curbed carbon dioxide emissions in neighboring cities (Jia et al., 2021).
Thus, based on the abovementioned analysis, this study puts forward the following hypothesis:
H1: HSR promotes GTFP for HSR-served cities.
2.2 Spatial Effects of High-Speed Rail
Improvements in transportation infrastructure can enhance the spillover effect between economies (Chen and Wei, 2018). As a transportation link between different regions, railways can effectively allocate natural resources, human resources, or commodities. Existing studies have focused on the spillover effects and siphon effects generated by the opening of HSR (Hernández and Luis Jiménez, 2014; Liu S. et al., 2020; Moyano and Dobruszkes, 2017; Zheng L. et al., 2019). Local governments tend to use the spatial spillover effects of HSR to promote development in urban areas (Zheng L. et al., 2019), while enhancing the land and property values of surrounding cities (Huang and Du, 2021). Thus, HSR can serve as an important channel for infrastructure financing and government revenue sources (Li Y. et al., 2020), achieving economic growth through spatial spillover effects (Huang and Xu, 2021). In the United Kingdom, HSR has had spillover effects on the surrounding areas because of knowledge diffusion, increased accessibility, and lower transaction costs (Ahlfeldt and Feddersen, 2018). It has been argued that the spatial spillover effects of HSR on neighboring cities are homogeneous and undifferentiated (Banister and Berechman, 2001). However, cities are complex network structures with increasingly weak geographic distance limits, so different spillover effects of HSR on surrounding cities may be found (Zheng L. et al., 2019).
After the opening of HSR, there is also a siphon effect between cities, and the gap between HSR-served cities and non–HSR-served cities is gradually increasing (Qin, 2016). Cascetta et al. (2020) studied Italy’s economic growth and social effects after 10 years of HSR service, finding that the HSR not only reduces resident travel time by 11% but also creates inequality between HSR-served and non–HSR-served cities. The same problem was found in a study based on data from Japan’s high-speed railroad (Li and Xu, 2018). Furthermore, while Lille (the largest city in northern France) is connected to Paris by HSR, the surrounding villages without HSR stations have suffered as a result (Ollivier et al., 2014). In China, HSR-served cities have higher economic benefits than non-HSR cities because of the significant increase in fixed-asset investment after the opening of HSR (Li X. et al., 2020). Moreover, HSR makes more commercial activities migrate to urban centers. This is extremely disadvantageous for non–HSR-served cities because it means population loss (Yang et al., 2020). In addition, HSR-served cities can provide more jobs than non-HSR cities can (Cheng et al., 2015). To make matters worse, the opening of HSRs leads to lower gross domestic product (GDP) growth in non–HSR-served cities, resulting in inequality between them (Faber, 2014; Meng et al., 2018).
According to the abovementioned analysis, we put forward the following hypotheses:
H2a: The opening of HSR can promote GTFP in neighboring HSR-served cities.
H2b: The opening of HSR has a negative effect on GTFP for neighboring non–HSR-served cities.
2.3 The Mechanism of High-Speed Rail on Green Total Factor Productivity
The improvement of GTFP cannot be achieved without technological progress (James et al., 2013). Technological progress is key to GTFP enhancement, especially in terms of green technology innovation (Aldieri et al., 2021). Green innovation is not just about reducing environmental burdens but also involves the aim of generating significant environmental benefits (Schiederig et al., 2012; Driessen et al., 2013). Innovation activity can significantly moderate the relationship between financial inclusion and environmental degradation (Fareed et al., 2022). Moreover, as Kassouri (2022) indicated, the public budget for energy research, development, and demonstration (RD & D) can effectively promote green technology innovation through the fiscal decentralization of government. Existing research concludes that green innovation makes growth sustainable (Rennings, 2000), which has a positive impact on productivity in the medium and long term (Aldieri et al., 2021). It is also a key catalyst for sustainable development (Porter and Van Der Linde, 1995).
Innovative talent and academic exchanges are the basic conditions for green innovation in cities (Dong et al., 2020). HSR can promote population clustering (Debrezion et al., 2010) and reduce commuting costs. High-level innovative talents always prefer faster HSR as a travel mode for cross-regional exchanges to save time. Dong et al. (2020) also found that HSR had a positive effect on researcher communication, showing that HSR significantly facilitated academic communication activities. In addition, the opening of HSR has facilitated factor mobility and stimulated the innovation output of firms and society. Faced with fierce competition, firms carry out green innovation activities to improve their core competitiveness (Oum and Fu, 2008). These activities can reduce pollution prevention costs (Leonidou et al., 2015) and receive financial subsidies from the government in terms of green innovation (Aldieri et al., 2021). Moreover, HSR reduces trade and search costs, increasing real profits of firms and encouraging them to invest more in research and development (R & D) for green innovation (Bernard et al., 2019; Kuang et al., 2021).
Based on the abovementioned analysis, this study proposes the following hypothesis:
H3: HSR promotes GTFP by increasing green innovation.
Entrepreneurship is a social activity in which entrepreneurs obtain higher economic value by integrating their various resources and using an effective combination of their resources and social resources. Entrepreneurial vitality is a measure of entrepreneurial activity. Previous literature has pointed out that improvements in transportation infrastructure have a positive impact on entrepreneurial activity (Fritsch and Storey, 2014; Berger and Kuckertz, 2016). Similarly, transportation infrastructure is crucial for maintaining business relationships, information exchange, and the establishment of new business opportunities (Ma et al., 2021). Thus, railroads and highways have a significant impact on regional entrepreneurial vitality (Audretsch et al., 2014). As the most popular mode of travel nowadays, HSR helps stimulate entrepreneurial vitality in cities and drive regional entrepreneurial enthusiasm (Ma et al., 2021). First, the opening of HSR can accelerate the urbanization process and improve the internal and external communication of cities (Petersen and Rajan, 2002). In this way, it can attract the inflow of entrepreneurs and provide strong support for regional entrepreneurial activities and the entrepreneurial behavior of talents. Second, HSR can promote the clustering and allocation of factors, alleviate entrepreneur information asymmetry, and create a good resource network and social environment for entrepreneurs. With the help of smooth, high-speed, and efficient communication channels, entrepreneurs can improve the operational efficiency and transaction costs of their businesses and the success rate of their ventures (Shao et al., 2017). Third, the opening of HSR will bring spatial spillover of economic growth and knowledge spillover of human capital. From this foundation, it can stimulate forward-looking entrepreneurial thinking and promote individual entrepreneurial behavior.
Existing studies have explored the positive impacts of entrepreneurial vitality on the GTFP (Liu S., et al., 2020; Xia and Xu, 2020; Zhang et al., 2021). First, entrepreneurial activity can accelerate the R & D of new technological achievements, which may force green technological innovation and product development. Therefore, entrepreneurial vitality can promote the improvement of GTFP. Second, entrepreneurial activities can accelerate the generation of new enterprises and industries and promote market competition and resource integration (Noseleit, 2012). This results in the achievement of economic growth and effective resource conservation. Third, entrepreneurial activities can generate new employment opportunities, improve human capital levels, and provide important support for economic growth and environmental quality improvement (Glaeser et al., 2010). In addition, entrepreneurial activities can attract and drive entrepreneurial subjects to exert agglomeration effects, releasing the potential for high-quality economic development (Glaeser et al., 2010). On the one hand, the clustering of similar entrepreneurial enterprises can realize the intensive use of infrastructure, reduce operating costs through resource-sharing and knowledge spillover effects, and effectively reduce pollution pressure (Duan et al., 2020). On the other hand, the agglomeration of complementary entrepreneurial enterprises can realize complementary advantages and win–win collaboration and effectively improve the efficiency of regional economic development (Acs and Armington, 2004).
In summary, we put forward the following hypothesis:
H4: HSR promotes GTFP by increasing entrepreneurial vitality.
3 CHINA’S HIGH-SPEED RAIL DEVELOPMENT
In January 2004, the National Development and Reform Commission (NDRC) approved the implementation of the Medium- and Long-Term Railway Plan (MLTRP). After that, China’s railway system has been developing rapidly. In August 2008, China’s first intercity railway with a maximum speed of 350 kph was opened for operation, marking China's entry into the era of high-speed rail. The 12th Five-Year Plan is a golden period for China’s high-speed rail development. During this period, the “four vertical and four horizontal” corridors were completed, connecting major urban agglomerations. In June 2016, NDRC revised the MLTRP again, expanding the network structure from the original “4 + 4” corridors to “8 + 8” corridors 1 (Figure 1A). The 2025 target is for the HSR network to reach 38,000 km. By that time, travel times will be within 4 h between the large- and medium-sized cities and within 2 h around the regional centers.
[image: Figure 1]FIGURE 1 | (A) Planned high-speed rail corridors. Source: from Growth of High-Speed Rail in China Published by World Bank Group. http://www.worldbank.org. (B) Completed HSR network in China, 2017. Source: Drawing by authors based on data from http://cn.gaotie.cn/.
Since 2008, HSR passenger volume has grown at 81 percent per year. In addition, the total number of HSR passenger traffic reached from 7.34 million in 2008 to 1.75 billion in 20172. By the end of 2017, 85 percent of prefecture-level cities in China have connected to HSR. However, there is spatial uneven distribution for China’s HSR. That is, the HSR lines and stations are densely distributed in eastern China and sparsely distributed in western China (Figure 1B).
4 GREEN TOTAL FACTOR PRODUCTIVITY IN CHINA
4.1 Measure of Green Total Factor Productivity
Data Envelopment Analysis (DEA) first proposed by Farrell (1957) is one of the commonly used methods to measure the classic total factor productivity (TFP) with multi-input and single-output. However, in the classic measurement method, GDP is regarded as a single “good” output; conversely, “bad” outputs at the expense of the environment are not included in the measurement system. Therefore, GTFP is the production efficiency that achieves maximum economic output while minimizing pollutant emissions under the premise of given input factors. Drawing on the research of Fare et al. (2007), we assume a city as a decision-making unit (DMU) with N inputs denoted by [image: image], M good outputs denoted by[image: image], and U bad or undesirable outputs denoted by [image: image].[image: image] is defined as the weight of the cross-sectional observation value. The constraint is [image: image]. The production possibility set using DEA is denoted as
[image: image]
Then, we introduce the directional slacks-based measure (SBM) proposed by Fukuyama and Weber (2009):
[image: image]
[image: image]
where [image: image] is an input–output vector, [image: image] is an input–output directional vector. [image: image], [image: image], and [image: image] are slack vectors of inputs, good outputs, and undesirable outputs, respectively.
On this basis, we use the Luenberger productivity indicator proposed by Chambers et al. (1996) as GTFP:
[image: image]
4.2 Variables
To measure GTFP, we need to select three important indicators: inputs, desirable outputs, and undesirable outputs. For inputs, in this study, we use labor force, capital, and energy, measured by the population of employment, total energy consumption, and capital stock calculated by the perpetual inventory method, respectively. For desirable output, we used real GDP at constant prices in 2000. Limited by statistical data, we adopt carbon dioxide emissions calculated by the fossil energy consumption of each city and industrial wastewater and waste solids as undesirable outputs. The data for all the aforementioned indicators are taken from the China City Statistical Yearbook (2007–2018).
4.3 Green Total Factor Productivity Calculation Results
According to models (1–3), we calculated the GTFP of 284 prefecture-level cities in China from 2006 to 2017. As Figure 2 shows, from 2006 to 2017, there was an overall growth trend in GTFP in HSR-served and non–HSR-served cities. Specifically, before the opening of China’s first HSR (in 2008), there was no significant difference in GTFP between the two groups. However, after 2008, there was a larger increase in GTFP in HSR-served cities than in non-HSR-served cities. Thus, the gap between the two groups is getting wider.
[image: Figure 2]FIGURE 2 | Trend in GTFP, 2006–2017.
Figures 3A,B depicts the spatial distribution of GTFP for 284 cities in 2006 and 2017, respectively. Figure 3A shows in 2006 nearly half of the cities with GTFP less than 1, widely distributed in central China, while cities with GFTP greater than 1 are mainly concentrated in the Northeast regions, coastal regions, and the Western regions (e.g., Chongqing, Chengdu, and Guiyang, etc.). Yet, as Figure 3B shows, the number of cities with GTFP greater than 1 in 2017 has increased significantly from 2006. At the same time, GTFP also presents the following characteristics. 1) Spatial agglomeration. Cities with GTFP lower than 0.7 are mainly concentrated in northern China’s provinces such as Ningxia, while cities with GTFP greater than 1.6 are mainly concentrated in the Northeast China, Shandong Peninsula, Yangtze River Delta, and Pearl River Delta. 2) GTFP in HSR-served cities is greater than that in others. From 2006 to 2017, GTFP showed an overall upward trend. However, the gap between different cities is also increasing. Although GTFP presents a certain degree of geographical concentration, it also shows the characteristics that HSR-served cities are greater than other cities.
[image: Figure 3]FIGURE 3 | (A) Spatial distribution of GTFP in 2006. (B) Spatial distribution of GTFP in 2017.
4.4 Spatial Attribute Analysis of Green Total Factor Productivity
Figures 3A,B illustrates that there is a spatial agglomeration for GTFP. Thus, there may be a spatial correlation in GTFP. Therefore, we adopt the global Moran’s Index to analyze the spatial correlation relationship from 2006 to 2017. The specific expression form is
[image: image]
where [image: image] represents Moran’s I, and its value ranges from −1 to 1. If [image: image] passed the significance test, it means that GTFP has spatial autocorrelation. In addition, [image: image] represents GTFP; [image: image]; [image: image]; [image: image] is the spatial weight matrix (0–1), which is represented by “queen” contiguity matrices:
[image: image]
Based on Formula 3, we test the spatial autocorrelation of GTFPs of 284 cities from 2006 to 2017. The results are shown in Table 1. The results show that all of Moran’s indexes are positive and pass the significance test of 1%, suggesting GTFP has significant spatial autocorrelation. In other words, the GTFP will be affected by green development in neighboring cities. To show the spatial autocorrelation of GTFP visually, we draw the Moran scatter plot. However, due to space limitations, we chose the beginning and ending years of the sample for presentation (Figure 4). From Figure 4, we can see that most of the values in the first and third quadrants further imply that GTFP has positive spatial autocorrelation.
TABLE 1 | Global correlation test-Moran index of GTFP.
[image: Table 1][image: Figure 4]FIGURE 4 | Scatter plot of the Moran index of GTFP in 2006 and 2017.
5 RESEARCH DESIGN
5.1 Method
Existing studies have taken the opening of HSR as a quasi-natural experiment and used the DID model to deal with the endogeneity problems between transportation infrastructure and economic factors (Ke et al., 2017; Guo et al., 2020). However, there is a spatial correlation for GTFP between treatments and the other units, and this leads to a violation of Stable Unit Treatment Value Assumption (SUTVA). Thus, the classical DID model will fail to obtain consistent estimators for HSR and GTFP. Therefore, to accurately assess the impact of HSR on GTFP, we follow Chagas et al. (2016) and construct an SDID model. Depending on the spatial term, the spatial econometric model can be set in various forms. The spatial Durbin model (SDM) is more general because it contains spatial lag terms for both dependent and independent variables. Thus, this study adopts the SDM model to construct the SDID model to evaluate the effects of HSR on GTFP:
[image: image]
where [image: image] is GTFP and [image: image] is a dummy variable. When city [image: image] is connected with HSR in year [image: image], the value of [image: image] is 1, while it is 0 otherwise. Moreover, [image: image] stands for a vector of control variables used. Subscripts [image: image] and [image: image] represent city and time, respectively. [image: image] is the time-fixed effect; [image: image] is the city-fixed effect, and [image: image] is the random disturbance term. In this model, we regard the opening of HSR stops as a quasi-natural experiment, so the DID method fits this research. However, there is a spatial relationship between the GTFP and neighboring cities. Thus, ignoring the spatial factors to measure the effects of HSR on GTFP will result in an inaccurate conclusion. Thus, we refer to the study of Chagas et al. (2016) and add the spatial weight [image: image] to the classic DID model to construct the SDID model, where [image: image] is an [image: image] matrix among the cross-sectional units. Compared with the classic DID model, the advantage of the SDID model is that it not only measures the effect of the opening of HSR on the experimental group but also measures the effect on the surrounding cities, which can comprehensively analyze the effect of policy implementation (Chagas et al., 2016).
5.2 Variable Specification
In this study, the dependent variable is GTFP, which we calculated in Section 4. The core-independent variable we focus on is [image: image], which is a dummy variable. When a city is connected with HSR in year [image: image], the value of [image: image] is 1; while those cities that do not have HSR stops in year or the year before [image: image] had a value of 0. If the HSR opened before June 30th in the year [image: image], we record it as an HSR-served city in year [image: image]; otherwise, we record it as an HSR-served city in year [image: image].
To avoid estimation errors caused by missing variables, we also control some variables that could affect the urban GTFP. Urban openness ([image: image]) is measured by the proportion of foreign direct investment (FDI) in GDP; population density ([image: image]) is determined as the ratio of urban population to an urban area; human capital ([image: image]) is measured by the ratio of college students to the local population; and investment in science and technology innovation ([image: image]) is measured by the ratio of R & D investment to fiscal expenditure (results in Table 2).
TABLE 2 | Variable definitions and descriptive statistics.
[image: Table 2]5.3 Data
We used prefecture cities as the research sample in this study. Two main sources of data were used for empirical analysis. HSR data were manually collected from the China Railway Customer Service Website (www.12306.cn), China Railway’s official operation service website. The other data were collected from China City Statistical Yearbook (2007–2018). It should be noted that to ensure the completeness of the sample information of the core variables and robustness of estimation results, cities with missing mass core variables were excluded. We finally selected 284 cities as the research sample. To test the parallel trend, we chose the first two years of the opening time of the first HSR as the starting year. At the same time, to balance the sample size between the experimental group and the control group, the time span of this study was 2006–2017.
6 RESULTS
6.1 Model Test
Although the spatial autocorrelation analysis of GTFP in Section 4.4 shows that GTFP has a significant spatial correlation, this is not enough to justify the use of a spatial econometric model to measure the effects of HSR on GTFP is effective. Thus, following Elhorst et al. (2012) and Anselin et al. (1996), this study adopts Lagrange Multiplier (LM) to test whether our data fit the spatial econometric model (results in Table 3). The test results of LM in Table 3 show that the spatial econometric model used in this study is suitable. However, further tests are still needed to verify whether the SDM model is suitable for this study.
TABLE 3 | Estimation results of HSR without spatial distribution.
[image: Table 3]In this study, we use the Wald test and LR test to establish the specific model (results in Table 4). The results of the Wald and LR test in Table 4 pass the significance test of 1%, rejecting the null hypothesis that the SDM model can be simplified to the SAR or SEM model. So, the SDM model is the best choice for this study. Hence, we finally chose the SDM-DID model with fixed effect to assess the effect of HSR on GTFP.
TABLE 4 | Regression results of HSR on GTFP.
[image: Table 4]6.2 Benchmark Regression Results
Table 4 reports the treatment effect of HSR on GTFP from Formula 5. The results in column 1) are based on the classical DID model with city and year fixed effects, representing a baseline for comparing our results. The classical DID model indicates that the opening of HSR increases GTFP by 0.04, which is significant at 1%. This conclusion also suggests that HSR can promote green development. The results of the regression are consistent with Hypothesis 1. Next, we report the results of the SDM-DID in column 4). The coefficient of [image: image] is 0.036, and it is significant at the 1% level; it is 12.5% lower than that of the classical DID model. This shows that the impact of HSR on GTFP has been overestimated by using the classical DID model. This is mainly because the GTFP is often affected by the green development of neighboring cities. The coefficient of [image: image] is 0.011, which suggests that the opening of HSR will promote GTFP for neighboring cities. However, the result for this coefficient was not significant. Since the coefficient of [image: image] measures the effect of HSR on the green development of neighboring HSR-serviced and non–HSR-serviced cities, there may be completely opposite spatial spillover effects for different groups, with the result that the average effect is not significant. In addition, we used the SAR-DID model and SEM-DID model as a robustness test to reassess the effects of HSR on GTFP, and the results are shown in columns 2) and 3), respectively. The coefficients of [image: image] in columns 2) and 3) are both positive and significant at the 5% level, suggesting that the effects of HSR on GTFP are robust.
Based on SDM-DID and SAR-DID, the direct effect, indirect effect, and total effect are shown in Table 5. The direct effect of [image: image] is 0.036, and this is significant at a 5% level; this result suggests that the opening of HSR can promote local green development. The main reasons for this may be that after the opening of HSR, convenient transportation infrastructure can shorten commuting time with other HSR-served cities, attract people with high technical ability, and improve urban economic efficiency. However, we found no significant indirect effect on GTFP from the opening of HSR. The possible reason for this is that the opening of HSR has a significant promoting effect on the GTFP for neighboring HSR-served cities, whereas there may be a siphoning effect for non–HSR-served cities to inhibit the growth of GTFP. However, the spatial spillover effect of HSR opening on GTFP that we are currently discussing is an average effect on surrounding HSR-served and non–HSR-served cities. It is not yet possible to distinguish between the two groups (HSR-served cities and non–HSR-served cities). We will continue to discuss this topic in subsequent sections.
TABLE 5 | Direct, indirect, and total effects of HSR on GTFP based on the SDM-DID and SAR-DID model.
[image: Table 5]6.3 Robustness Check
To verify the reliability of our regression results, several robustness tests are also conducted.
6.3.1 Alternative Model or Spatial Weight Matrix
First, we changed the setting form of the SDID model. Although we have confirmed that these models are not the most effective setting form, as a robustness test, they can still provide a reference for our results. The SAR-DID model, SEM-DID model, and SLX-DID3 model were used to examine the relationship between HSR and GTFP. The results of the SAR-DID model and SEM-DID model are shown in Columns 2) and 3) of Table 4, respectively. The results of the SLX-DID model are shown in Column 1) of Table 6.
TABLE 6 | Results of robustness checks.
[image: Table 6]Second, this study uses a geographic distance weight matrix to replace the queen matrix. Affected by the cost of transportation, when the distance between the two cities is reduced, the frequency of interaction between them will be higher. Therefore, the economic activities between cities will decrease as the geographical distance increases. We used the reciprocal of the distance between two cities to reflect this spatial relationship. We set the geographic distance weight matrix as follows:
[image: image]
where [image: image] represents the distance between city [image: image] and [image: image]. Column 2) in Table 6 reports the results of the SDM-DID model with the geographic distance weight matrix. From the results, we can see that the coefficient of [image: image] is significantly positive, showing that our results are robust.
6.3.2 Endogeneity
In this research, we added as many control variables as possible to reduce the bias of the estimated results. However, omitting the unobserved factors that affect both the opening of HSR and GTFP leads to serious endogeneity problems. Moreover, the economically developed eastern regions have denser HSR networks. Thus, there may be a bidirectional causal relationship between HSR and GTFP. We adopted an exogenous instrumental variable (IV) model to eliminate endogenous problems and estimate the effects of HSR on GTFP.
The cost of HSR construction is related to terrain factors. Generally, the construction costs in plain areas are lower than those in mountainous and hilly areas. Thus, we used the urban geographic slope as an instrumental variable for HSR. For econometric models with endogenous variables, the two-stage least square (2SLS) method is most commonly applied for estimating the coefficient of endogenous variables (Wooldridge, 2009). However, in this study, [image: image] is a dummy variable with a value of 0 or 1. Therefore, in the first stage, the ordinary least squares (OLS) method is not applicable to our data. We adopted the panel Probit method to estimate the relationship between the urban geographic slope ([image: image]) and [image: image] (result in Column 3 of Table 6), where we obtain the fitted values of HSR ([image: image]). Then, in the second stage, we used the [image: image] in place of [image: image] to apply the SDM-DID model.
As shown in Column 3) of Table 6, the regression results of the first stage suggest that the coefficient of [image: image] (−0.0917***) is significantly negative. The IV estimation results show that the effect of HSR on GTFP is robust.
6.3.3 Parallel Trend Test
HSR-served cities had a parallel trend with non–HSR-served cities before the opening of HSR, which is the basic condition for ensuring the effectiveness of the DID model. In our study, a spatial weight matrix has been introduced to comprehensively evaluate the impact of HSR on GTFP; however, if there is no parallel trend for GTFP, we still cannot draw robust conclusions. Therefore, parallel trend testing is necessary for this study. The opening of HSR is a multi-stage experiment. For GTFP, we need to test whether there is a systematic difference between HSR-served and non–HSR-served cities. When there is no systematic difference, or even if there is a difference and the difference is fixed, the GTFP in HSR-served and non–HSR-served cities has a parallel trend. In this article, the event analysis method will be used to test whether there is a parallel trend. The following model, proposed by Beck et al. (2010), provides us with a way to test this issue:
[image: image]
where [image: image] is a dummy variable and its assignment is the same as mentioned above. The specific settings of [image: image] are as follows: using [image: image] to represent the specific year of HSR opening in city [image: image], if [image: image], we define [image: image], and otherwise [image: image]; if [image: image], we define [image: image], and otherwise [image: image]; and if [image: image] and [image: image], we define [image: image], and otherwise [image: image]. To avoid the multicollinearity problem, we drop the dummy variable that [image: image] and take the opening year of HSR as the based period. If [image: image] and the coefficients of [image: image] are both statistically insignificant, it suggests that the parallel trend assumption cannot be rejected. To intuitively test the parallel trend assumptions and reflect the dynamic impact of HSR on GTFP, Figure 5 plots the results. As shown in Figure 5, the coefficients of [image: image] are insignificant for all years before opening, showing that the GTFP has a parallel trend between HSR-served and non–HSR-served cities before HSR opening.
[image: Figure 5]FIGURE 5 | Results of the parallel trend test. Note: The dashed lines represent 95% confidence intervals.
6.4 Mechanism Test
The opening of HSR has a significant positive effect on GTFP, but how does HSR act on GTFP? We try to explore the mechanism of HSR on GTFP from the perspective of urban innovation and urban entrepreneurial vitality.
6.4.1 High-Speed Rail and Urban Innovation
The improvement of scientific and technological levels is an important means to realize energy saving and emission reduction. Green patents refer to inventions, utility models, and design patents with the theme of green technologies that are conducive to saving resources, improving energy efficiency, and preventing and controlling pollution. In this study, we use the green invention patent as a measure of urban innovation ([image: image]).
Table 7 reports the results. The coefficient of [image: image] in Column 1) is positive and significant at the 1% level, showing that the opening of HSR could improve urban innovation. Moreover, the coefficient for [image: image] is significantly positive, suggesting that green innovation can promote urban green development. However, in Column 3), the coefficient of [image: image] for GTFP is only significant at the 10% level, whereas the [image: image] remains are significantly positive at the 1% level, suggesting that there is a completely mediating effect for HSR to GTFP. China’s early development model followed a “pollute first, treat later” path, resulting in economic growth and environmental pollution going hand-in-hand. In order to effectively curb the deteriorating ecological environment, China has implemented many environmental regulations and policies, such as the Environmental Protection Law of the People’s Republic of China, which strictly regulates the environmental pollution behavior of enterprises and citizens. Green innovation is an innovation activity aimed at resource conservation, energy efficiency, and pollution reduction, while positively contributing to the improvement of GTFP. The results confirmed Hypothesis 3.
TABLE 7 | HSR, urban innovation, and GTFP.
[image: Table 7]6.4.2 High-Speed Rail and Urban Entrepreneurial Vitality
A city with entrepreneurial vitality tends to have more entrepreneurial activities. Entrepreneurial activities can accelerate the R & D of new technology; accelerate the generation of new enterprises and new industries, especially low-pollution industries with competitive advantages; promote market competition and resource integration; and thus improve GTFP. Therefore, we use urban innovation vitality ([image: image]) as the mediating variable to test whether the opening of HSR affects GTFP. Using the number of self-employed people to measure urban entrepreneurial vitality is an ideal indicator. However, due to the availability of data, in this study, we adopt the ratio of urban individuals and private economic practitioners to the total urban population to represent urban innovation vitality. The regression results are shown in Table 8. Column 1) reports the regression results of HSR on urban innovation vitality using the classical DID model. The coefficient of [image: image] is positive and statistically significant (0.0381***), suggesting that the opening of HSR could improve urban entrepreneurial vitality. Column 2) reports the regression results of urban innovation vitality on GTFP using the SDID model. We can find that the coefficients of [image: image] and W* [image: image] are positive and statistically significant (0.0980** and 0.3469***, respectively), indicating that urban innovation vitality can, indeed, improve GTFP. Moreover, in Column 3), we added both [image: image] and [image: image] to the SDID model. However, the coefficient of [image: image] for GTFP does not pass the 5% significance level test; the [image: image] remains significantly positive at the 1% level, suggesting there is a completely mediating effect for HSR on GTFP. The construction of HSR can restructure the urban industrial landscape and provide a good market environment for the birth of new enterprises. It increases market vitality and creates a situation of innovation and entrepreneurship. The increase in the number of entrepreneurs strengthens market competition. In addition, the competitive market mechanisms can guide enterprises to improve production technology and clean technology, which ultimately increases GTFP. The results support Hypothesis 4.
TABLE 8 | HSR, urban entrepreneurial vitality, and GTFP.
[image: Table 8]7 FURTHER ANALYSIS
In Formula 5, the coefficient [image: image] is an average effect of HSR on neighboring city GTFP (Chagas et al., 2016). In other words, it is an average effect of HSR on neighboring HSR-served and non–HSR-served cities. This could not reflect the difference in the spatial spillover effect of HSR on different groups. Therefore, this study used the method developed by Chagas, et al. (2016) to decompose the estimated coefficient of [image: image]. It should be noted that in this article, the decomposition of spatial effects is the impact of HSR on neighboring HSR-served and non–HSR-served cities, which is not the direct or indirect effects mentioned by LeSage and Pace (2010). The following model was constructed to decompose the effects of HSR on neighboring cities4.
[image: image]
where [image: image] is an [image: image] matrix formed by all urban GTFP at time [image: image]; [image: image], and if d-city is an HSR-served city, the value of d is 1, while it is 0 otherwise. In addition, [image: image] represents the spatial spillover effect of HSR on neighboring HSR-served cities, whereas [image: image] represents another spatial spillover effect, measuring the effect of HSR on neighboring non–HSR-served cities. Finally, [image: image] is the weight matrix that represents the neighborhood effects of HSR-served cities on HSR-served cities, whereas [image: image] represents the neighborhood effects of HSR-served cities on non–HSR-served cities.
Table 9 reports the results. The coefficient of [image: image] in Column 1) discloses the spatial spillover effects of HSR on neighboring HSR-serviced cities. The coefficient is positive and passes the significance test at the 1% level (0.007***), suggesting that the opening of HSR will promote GTFP for neighboring HSR-serviced cities. This implies the correctness of Hypothesis 2a, a result that can be explained as follows. When two adjacent cities are connected by HSR, the travel time between the two places will be shortened, which will promote resident willingness to travel to neighboring HSR-serviced cities, especially when the residents have high skills. Hence, the opening of HSR reduces barriers to knowledge spillover and accelerates labor market mobility between neighboring HSR-serviced cities.
TABLE 9 | Results of HSR on treated and untreated groups.
[image: Table 9]In terms of the coefficient of [image: image], the estimation result is negative and significant at the 5% level (-0.032**) in Column 1). This verifies Hypothesis 2b that HSR has negative effects on GTFP for neighboring non–HSR-served cities. This finding can be explained as follows. First, as a quick and convenient means of transport, HSR has become the first choice for young people to travel. Thus, HSR will be a key element affecting young people’s choice of employment destinations, making them more willing to choose HSR-served cities. This will lead to the loss of labor in non–HSR-served cities, which is unfavorable for the GDP. Second, HSR-served cities will attract investors via a variety of incentives to enhance their urban influence. Thus, less investment will flow into non–HSR-served cities. In addition, the opening of HSR in neighboring cities will deprive the geographic center position for non–HSR-served cities, which will accelerate the outflow of industries. Therefore, labor loss and industrial relocation have negative effects on GTFP.
In summary, the opening of HSR can promote GTFP. Meanwhile, HSR can affect the green development of neighboring cities via spatial spillover effects. Specifically, HSR promotes GTFP in neighboring HSR-served cities, whereas the impact on neighboring non–HSR-served cities is just the opposite. This can reasonably explain why cities go head-to-head in competition for HSR stops, as mentioned in the introduction. When a city becomes the winner in the HSR competition, it not only means that it can get convenient transportation, but it also means that through HSR, this city can achieve green development. However, the losers in the HSR competition may face more serious consequences; that is, the GTFP will not continue the previous growth trend or even face the risk of recession.
8 CONCLUSION
China’s first HSR opened in 2008, marking the country’s entry into the HSR era. HSR projects have achieved rapid development in China, and their status in social and economic development has become increasingly outstanding. HSR has also become the main resource for competition among local governments. However, the environmental costs brought about by the development of HSR have also become a focus of attention. Existing research on HSR has achieved substantial achievements in the fields of labor market, technological innovation, and housing prices. In contrast, the impact on GTFP has received little scholastic attention. In light of the lack of research on GTFP, this study considered the opening of HSR at different times and in different cities as a quasi-natural experiment while considering spatial spillover effects of HSR on economic development; moreover, it introduced a frontier approach to the SDID model to measure the net effects of HSR on GTFP.
First, we used the SBM-DDF-SML index to calculate the GTFPs of 284 cities in China. We further tested the spatial autocorrelation of urban GTFP year by year. The results show that the GTFP in China has a strong spatial autocorrelation. In other words, green development will be affected by neighboring cities. Second, this study used the SDM-DID model to estimate the effects of HSR on GTFP. Specifically, the results suggest that the opening of HSR could significantly promote GTFP. In addition, there is a statistically insignificant spatial spillover effect on neighboring cities. In light of this result, we conducted further analysis and found that there was a spatially heterogeneous effect of HSR on GTFP. It was found that the opening of HSR could promote neighboring HSR-served cities’ GTFP, which means there is a positive spillover effect between cities connected by HSR. However, HSR has a negative effect on neighboring non–HSR-served cities, mainly because the siphoning effects of HSR-served cities on non–HSR-served cities are greater than their spillover effects. The mechanism test suggested that HSR can influence GTFP by promoting urban green innovation and entrepreneurial vitality. Third, the government needs to invest a lot of labor and financial resources to construct HSR and other infrastructure. However, most HSRs in China are operating at a loss. As a novel public good provided by the government, the main goal of HSR is to maximize social welfare; it does not necessarily need to be profitable. Therefore, effective evaluation of the welfare effects of HSR has important practical significance. However, the welfare effects of HSR include not only economic but also public welfare effects, such as environment and health. From the perspective of environmental welfare, this article provided evidence that the opening of HSR brings additional benefits. On the whole, HSR can promote the improvement of GTFP; however, HSR seems to be unfair to non–HSR-served cities because it will hinder the green development of these cities.
Based on these findings outlined above, the study holds that as one of the most important infrastructures in the new era, HSR has accelerated the cross-regional flow of labor, logistics, and information, and it has played a positive role in improving energy efficiency and optimizing industrial structure. In this context, China may roll out various policies to support the construction of HSR as follows: 1) HSR could promote GTFP for HSR-served cities; therefore, the government may promote the construction of HSR and continuously increase the density of HSR networks. Moreover, the government can accelerate the construction of supporting infrastructure around HSR stations to truly build a green transportation system with zero-distance interchanges and seamless connections. 2) The opening of HSR can promote GTFP in neighboring HSR-served cities. Therefore, the government may strengthen the construction of urban agglomerations and implement prevention and control mechanisms for environmental pollution. Meanwhile, HSR-served cities can consider their positioning and industrial division of labor from the perspective of urban agglomeration. On the one hand, HSR-served cities can strengthen their efforts to undertake international high-end industries. On the other hand, HSR-served cities can support neighboring cities through industrial transfer, improving the competitiveness of urban agglomeration. 3) The opening of HSR has a negative effect on GTFP for neighboring non–HSR-served cities. Thus, non–HSR-served cities may take the initiative to undertake the quality transfer industries of regional central cities and make maximum use of the “spillover effect” by HSR. Then, non–HSR-served cities can form a differentiated development pattern from central cities. 4) Finally, HSR promotes GTFP by increasing green innovation and entrepreneurial vitality. The government can encourage enterprises to carry out green innovation through policy subsidies. In addition, the public sector may create an innovative and entrepreneurial urban environment to stimulate the innovative vitality of human capital. Ultimately, the implementation of these strategies can optimize the layout of HSR and help build an integrated HSR network in China.
Though, the study is not without limitations as it only focuses on a single country. In addition, it took a lot of time to collect the data, and the available sample size allows for a good experimental study, though it only covers the period 2006–2017. It will be interesting to see if other important and innovative variables such as the internet of things (IoT) and digital transformation can better explain this relationship. In addition, it would be interesting to analyze the impact of different transportation infrastructures, such as highways, urban rail, and air transportation, on GTFP. In the future, researchers should consider the long-term impact of HSR and the logistics and transportation of China’s HSR. They can also study the different ways of developed and developing countries’ implementation to achieve sustainable development.
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FOOTNOTES
1“4 + 4” indicates four lines running north–south (verticals) and four lines running east–west (horizontals), while “8 + 8” indicates eight lines running north–south (verticals) and eight lines running east–west (horizontals).
2Data from: China Statistical Yearbook.
3In this study, the SLX-DID model is set as [image: image].
4To decompose the spatial effect of HSR on GTFP, we need to decompose the spatial weight matrix. Thus, [image: image], where [image: image], [image: image], [image: image], and [image: image], where [image: image] is an [image: image] matrix with 1 in main diagonal if the city is an HSR-served city at time t, 0 otherwise, and 0 elsewhere; [image: image] is an [image: image] matrix with 0 in main diagonal if the city is a HSR-served city at time t, 1 otherwise, and 0 elsewhere. In this way [image: image] represents the neighborhood effects of the j-region on i-region, i, j = T (treated) or NT (untreated). Hence the full expression is [image: image], where [image: image] is an [image: image] matrix with 1 if the city is a HSR-served city in region [image: image] at time [image: image], and 0 otherwise. However, [image: image] and [image: image] are 0-vectors. So, the full expression can be simplified by Formula 8. Chagas et al. (2016) has demonstrated this in detail.
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We have extended the literature on how information communication technology (ICT) and renewable energy relates to environmental quality in South-East Asia. Earlier literature has mostly focused on individual country cases, and regional investigations, especially in South-East Asian, are largely absent from the existing body of knowledge. The use of ICT and renewable energy are among the top priorities of each economy in this region. We pursued this study with the intention of identifying trends in the way these countries use ICT and renewable energy, and how these emerging factors contribute to their environmental performance. We analyzed the annual data of six countries from between 2000 and 2018, using Panel Quantile Regression, and Dynamic Fixed Effect estimation techniques to test both the hypothesized short-run and long-run relationship between ICT and renewable energy use and environmental quality. Our empirical results reveal the non-mitigating effect of ICT on CO2 emission, confirming that ICT use in this region does not improve environmental performance, but rather causes more environmental degradation. Renewable energy, on the other hand, results in a significant contribution to environmental quality in this region. Our results are consistent with multiple studies in the existing body of knowledge. The findings are very meaningful and useful for policymakers in these countries to help them to frame strategies for renewable energy and ICT use practices that favor the environment.
Keywords: ICT, renewable energy, trade, environmental quality, PQR, DFE
INTRODUCTION AND BACKGROUND
Globalization has highlighted the significant contribution of information technology, digitalization, and blockchain technology to economic growth (Saberi et al., 2019; Oliveira et al., 2020; Borowski, 2021). The internet and advanced technologies support the flow of foreign direct investment (FDI) and trade liberalization (Bhujabal and Sethi, 2020; Borowski, 2021). In addition, these technologies also contribute to a country’s infrastructure and overall productivity, which increase prosperity (Bollou, 2010; Borowski, 2021). Digitalization and ICT use increase employment, and play a very important role in reducing poverty (Coleman, 2005; Rot et al., 2020). Economic growth is the reason for greater use of digital technology and innovation in technology (Erumban and Das, 2016). Avgerou (2003) and Jin and Cho (2015) also highlighted the significant contribution of ICT to economic growth. Information communication technology (ICT) and energy consumption have significantly increased in the past decade. ICT has become a vital aspect of enhancing many people’s living standards (Moyer and Hughes, 2012). ICT comprises the internet, mobile phones, and other mediums of communication that have vital acceptability in making standard of life ICT increases the demand for smart technology, i.e., touch screens, monitors, and tablets. The latest developments, e.g., wireless and Bluetooth technologies, enhance the effectiveness of machines and humans and increase efficiency over time. ICT is not only improving people’s lives but is also enhancing the economic development of countries. As a result of ICT, communication methods throughout the world have changed, and the world has become a “global village.”
ICT and digitalization also create new business opportunities and foster environmental sustainability. ICT and digitalization ensure the durability of the energy system by increasing its security and efficiency (García-Quismondo et al., 2013; M.; Rahman and Mezbah-ul-Islam, 2012; K.; Wang et al., 2018). Digital technologies and energy efficiency are vital to countering global warming, and appropriate strategies in this regard can promote effective change to the energy system (Alamoush et al., 2020; Kueppers et al., 2021). The journey toward zero emissions and sustainable development could be achieved through drastic innovation in ICT and technology to create more renewable energy options in countries at the corporate and society level, which will contribute to a sustainable environment (Borowski, 2021). In this regard, energy service companies could play a vital role in removing the barriers to energy efficiency implementation (Recalde, 2021; Smith et al., 2021). The emergence of renewable sources and energy-efficient technologies should be adopted as a trend for climate transformation and sustainable development (Borowski, 2021). Climate and energy solutions are based on reducing the emission of greenhouse gases, and switching to efficient renewable energy options (Panwar et al., 2011; Yadoo and Cruickshank, 2012). Efficient energy use through the application of advanced technology and ICT practices could be effective in reducing its harmful effect on the environment. Hence, the use of sophisticated technologies and the block chain is a step forward towards efficient energy consumption and a sustainable environment (Silvestre and Ţîrcă, 2019; Kueppers et al., 2021; Manfren et al., 2021).
However, it has also been observed that in addition to increasing energy efficiency and environmental sustainability, ICT may cause the deterioration of the environment. Using more sophisticated information and telecommunication equipment requires a significant amount of energy, which can degrade the environment if renewable energy is not provided for its operation. The existing literature on this subject explores two dimensions of ICT and digitalization concerning environmental quality: namely, their positive and negative effects in the environment. Many studies confirm that ICT and digitalization can cause environmental quality to deteriorate (Al-Mulali et al., 2015b; Avom et al., 2020; Moyer and Hughes, 2012; Ozcan and Apergis, 2018; Ozcan et al., 2020; Sokolov-Mladenović et al., 2016). In contrast, many studies also highlight the significant contribution of ICT advancement and digitalization to energy efficiency gains and environmental quality (Sadorsky, 2012; Lee and Brahmasrene, 2016; Belkhir and Elmeligi, 2018).
This study is a novel attempt to explore the nexus between ICT, renewable energy, and environmental quality in a single robust study focusing on the emerging economies of South-East Asia, using Panel Quantile and Dynamic Fixed Effect (DFE) estimation techniques. The study is expected to contribute in many ways. First, this research could raise awareness among policymakers in this belt, and enable them to make their strategic frameworks more robust to encourage ICT and digitalization in for energy-efficient production and a sustainable environment. Moreover, this study could have far-reaching implications at both the regional and country levels. Theoretically and methodologically, this study is likely to add value to the existing body of knowledge by using estimation techniques that cover both the short-run and long-run dynamics of the variables. This study could enhance the understanding of many researchers, with a special focus on exploring similar variables and likely to abreast their knowledge repository and insights.
This study aims to investigate the impact of ICT and renewable energy on the environmental quality in South-East Asia to explore the prevailing mechanisms of ICT and digitalization approaches and renewable energy trends underway in these countries.
LITERATURE REVIEW, THEORETICAL BACKGROUND AND HYPOTHESIS DEVELOPMENT
Information Communication Technology and Environmental Quality
This paper is based on the TAM theory, which states that advanced technology is accepted for technological innovation and for the enhancing the individual capabilities (Davis, 1989). Hence in this region the acceptance of ICT and technological development is purely in the spirit of this theory and the Diffusion of Innovations (DOI) theory by Moore and Benbasat (1991), which explain how the diffuson of ideas is related to the spread of technology. Nowadays, there is a debate among academics about how to explore the impact of ICT on the environment. The increasing use of ICT in emerging economies is highly debatable (Asongu and Nwachukwu, 2016). ICT practices enhance human capacity and capabilities, which directly contribute to the country’s GDP (Pradhan et al., 2016), and help to decrease income disparity (Tchamyou et al., 2019). ICT is a significant factor in bringing about financial growth and innovation (Edo et al., 2019), as well as encouraging education and promoting the Human Development Index (Tchamyou et al., 2019). Whereas the fact is not hidden from anyone about the reality of been the ICT, a contributing factor to environmental sustainability. However, the existing literature is divided on whether ICT is beneficial or detrimental to the environment. Mingay (2007) asserts that ICT contributes almost 2% of worldwide greenhouse gases, which negatively affect environmental quality. Similarly, Alcott (2005) states that although ICT plays a pivotal role in enhancing productivity, it has an adverse effect on environmental quality. Likewise, F. N. Khan et al. (2020) confirm the positive nexus between ICT and CO2 emission in the ASEAN region, analyzing data from 1991 to 2009. Internet use and GDP have both short-run and long-run relationships with CO2 emissions, verifying the adverse impact on the environmental quality of OCED countries (Salahuddin et al., 2016). However, a school of thought arguing that ICT positively contributes to environmental quality can also be found in empirical literature. In this regard, Al-Mulali et al. (2015a) found indications of a negative relationship between ICT and CO2 emissions, confirming that ICT reduces CO2 emissions in emerging economies, but that the effect is insignificant. Similarly, Godil et al. (2020) investigated data from numerous countries for the period 1990 to 2015 and outlined that ICT decreases carbon emissions in high- and middle-income countries, suggesting that ICT in high-income countries may be due to efficient energy usage that accounts for low CO2 emissions. Li et al. (2018) argued that ICT reduces the amount of CO2 emissions in specific European regions. Validating the positive nexus of ICT and environmental quality, Ozcan and Apergis (2018) examined the impact of ICT on CO2 emissions, and confirmed that ICT helps to minimize ecological degradation, thereby concluding that ICT is the mitigating and stimulating factor in CO2 emissions. Based on the above discussion, we have developed the following hypothesis Table 1.
TABLE 1 | Variables and measurement
[image: Table 1]H1: ICT reduces greenhouse gases and improves environmental quality.
Renewable Energy and Environmental Quality
Renewable energy is a central focus of study for energy economics researchers. Riti et al. (2018) investigated the impact of both renewable and non-renewable energy on environmental quality, and found that fossil fuel energy consumption increases CO2 emission both in the short and long run, while renewable energy consumption reduces CO2 emission in the long run. Renewable energy has become vital for every country thanks to its cost-effectiveness and its contributions to reducing CO2 emissions compared to conventional energy consumption (Turkenburg et al., 2012). Panwar et al. (2011) also demonstrate that renewable energy is more cost-effective and could be very significant in lowering the emission of greenhouse gases. Moreover, Xie et al. (2018) conducted a study to investigate the effect of SO2 and renewable energy consumption on air pollution in the Jing-Jin-Jie region, and concluded that renewable energy development is vital for reducing the emission of dangerous gases that create a pollutant environment, and suggested that technological innovation in renewable energy would further reduce air pollution. Similarly, H. Yu et al. (2012) carried out a study on the impact of the growth of industry on the ecosystem and revealed that greater consumption can cause ecological problems. Similarly, environmental degradation and the elimination of resources were mainly caused by the development of industrial units. Furthermore, Tilt (2019) asserted that technological innovation in the course of renewable energy enhances the capacity and supply of renewable energy to better meet energy shortages and to increase the energy portfolio. Similarly, Lewis (2010) explored renewable energy as a future source of energy given its environmentally friendly nature. Likewise, B. Lin and Zhu (2019) argued that improving the technological level of renewable energy would promote renewable energy production.
Extensive empirical studies exist on the pollution–economic growth nexus with inconsistent findings (Ahmad et al., 2017; Al-Mulali et al., 2016; Alam and Paramati, 2016; Anastacio, 2017; Awad and Abugamos, 2017; Jebli, 2016; Özokcu and Özdemir, 2017; Zeeshan et al., 2021; Zeeshan et al., 2021). The second pillar of the empirical studies has focused on the relationship between energy consumption and economic growth. These studies were pioneered by Kraft and Kraft (1978) in their seminal work. Earlier versions of these studies, which were conducted in bivariate models, could have resulted in an omitted variable bias resulting in inconsistent estimates (Akarca and Long, 1980). However, recent studies have used multivariate models and advanced time-series estimation approaches, but their findings have been conflicting (Asafu-Adjaye, 2000; Apergis and Payne, 2010; Dergiades et al., 2013; Mutascu, 2016). From the previous eras, environmental sustainability and energy safety have been the most vital and pertinent economic challenges. CO2 emissions are mainly caused by the consumption of more fossil fuels, which is confirmed by IEA (International Energy Agency). Much previous research documented that more fossil fuel energy usage leads to more CO2 emissions in emerging economies across the globe. That is why numerous policymakers and regimes have documented the significance of renewable energy for meeting energy demand and minimizing CO2 emissions, and research has been conducted to investigate the dynamics of renewable energy usage and CO2 emissions. For example, Jaforullah and King (2015) documented a negative association between renewable energy consumption and CO2 emissions in the United States from 1960 to 2007. Moreover, Rafiq et al. (2014) reported one-directional causality running from CO2 emissions to renewable energy, where they found bi-directional causality between the two variables in both countries, i.e., India and China from 1972 to 2011. A similar study was conducted on data from Kenya from 1980 to 2012 by Al-Mulali et al. (2016), who found that renewable energy usage significantly minimized CO2 emissions. Similarly, Bloch et al. (2015) found that renewable energy usage decreases CO2 emissions. Some of the previous researchers established that improvements in the banking sector led to greater energy use, which led to greater CO2 emissions In cross-country studies, numerous findings confirmed a positive nexus between renewable energy use and environmental degradation. Moreover, Apergis and Payne (2012) asserted that there is a positive and long-term cointegrating nexus between renewable energy consumption per capita and CO2 emissions per capita. Similarly, Boutabba (2014) examined a causal nexus exists between CO2 emissions and fossil fuel consumption, suggesting that greater usage of renewable energy will prove to be a factor in minimizing the degradation of the environment. However, Menyah and Wolde-Rufael (2010) asserted that renewable energy had not reduced carbon emissions in the United States and that there was no causality between renewable energy consumption and CO2 emissions. Salim and Islam (2010) documented that CO2 emissions had a positive effect on renewable energy usage and also noticed a one-directional causality from renewable energy consumption to CO2 emissions in India; however, a bidirectional casualty between renewable energy consumption and CO2 emissions in China, Brazil and Indonesia was observed. Based on the above discussion we have developed the following hypothesis.
H2: Renewable Energy Increases Environmental Quality
Population and Environmental Quality
Currently the impact of population on CO2 emissions is still being debated. In previous studies, population has also been considered one of the key indicators. An and Jeon (2006) used a cross-sectional regression non-parametric kernel technique, which validated an inverted U-shape between population, using OECD panel data for the period from 1960 to 2000. Similarly, Menz and Welsch (2012) asserted that population is the main cause of CO2 emissions in 26 OECD countries and suggested that the birth rate needed to be controlled as it affected CO2 emissions. Yang and Wang (2020) reported a negative effect of population on environmental quality in China in 10, suggesting that population must be controlled to counter the emission of greenhouse gases. Similarly, Cai et al. (2021) and Q. Wang and Wang (2020) argued that CO2 emissions are largely caused by the population. However, Avom et al. (2020), and Zhou et al. (2019) argued that population size and energy positively affect CO2 emissions, documenting that environmental quality has direct link with environmental quality. Furthermore, M. M. Rahman et al. (2020) examined the nexus between CO2 emissions and population in five South-Asian regionsS, applying panel co-integration techniques for the period from 1990 to 2017 and found that population has a direct link with CO2 emissions in this region, with a one-directional causality from population to CO2 emissions. Cole and Neumayer (2004), Li et al. (2018) and C. Zhang and Lin (2012) highlighted that the rising pattern in the size of urban populations has resulted in higher energy usage that can lead to serious ecological problems, particularly multiplying effect on the level of CO2 emissions. Similarly, many other studies also reported a proportionate relationship between population size and CO2 emissiosn in the context of regions (Cole and Neumayer, 2004; Poumanyvong and Kaneko, 2010) and megacities ( M. Lin et al., 2012; Shuai et al., 2018; X. Yu et al., 2020).
H3: Population size positively contributes to CO2 emissions.
Trade and Environmental Quality
Currently, growth in international trade and the environment propose that the present state of the trade, energy uses and forms like non-renewable can be vital to sustainable environment. Hassan et al. (2019) explored the relationship between trade and environmental quality, and argued that trade has several economic and ecological consequences. Moreover, Dogan and Turkekul (2016) highlighted that there is a positive impact of trade on environmental quality, which is supported by Shahbaz et al. (2013), and Kellenberg (2008). Furthermore, Kahouli and Omri (2017) also confirmed that trade has a positive effect on environmental quality, and proposed that the promotion of trade from the local to the international market does not increase the market shares of trade in a region, but improves the effectiveness of the use of limited resources, which enhances environmental quality. This recommend that a region that is open to trade will detect minimum pollution. However, Ruta and Venables (2012), and I. Khan et al. (2021) argued that the increase of trade to global market accounts for a reduction in natural resources, and increases the volume of CO2, which will eventually worsen environmental quality. In addition, Hassan et al. (2020) argued that international trade is unfavorable to the environment since it increases the presence of polluting industries. On the other hand, Iorember et al. (2021), and Güngör et al. (2021) studied the effects of trade on environmental quality in South Africa by applying the structural break Maki cointegration test and ARDL, and suggested that an increase in trade may improve environmental quality. This is why policymakers in South Africa are advised to consider the significance of trade to promote environmental quality.
H4: Trade liberalization adversely affects environmental quality.
METHODOLOGY AND ESTIMATION TECHNIQUES FOR HYPOTHESIS TESTING
Data, Estimation and Econometrics Techniques
The study used panel data from six South-East Asian counties from 2000 to 2018, collected from the WDI database, and analyzed it using panel data techniques, i.e., Panel Quantile and Dynamic Fixed Effect.
Baseline Estimation Techniques
With a view to exploring the effect of ICT and renewable energy on environmental quality in South-East Asian regions. We preferred panel quantile regression (PQR) estimation techniques in the spirit of Bassett and Koenker (1978), and Bassett Jr and Koenker (1978). Koenker and Bassett (1978) proposed this technique in which explanatory variables are conditionally distributed that cause fitting of liner function for independent variables and also extend the traditional variable mean regression which is in the form of OLS regression, while comparing QR with simple OLS regression a researcher can select any quantile to be used as an estimation parameter and an estimator that best suits when the data has normality, hetero and auto correlation issues. With the QR technique, the sensitivity to outliers is very minimal and delivers better and more accurate results (Sherwood and Wang, 2016; S.; Zhang et al., 2019). This particular estimation technique is considered an influencing factor with heterogeneous nature, and it very easily explores the data at different quantiles (Cheng et al., 2021; K.-L.; Wang et al., 2020). Based on these stated advantages we prefer panel quantile estimation techniques to explore the impact of ICT and renewable energy on environmental quality at different quantiles. In the spirit of Koenker (2004), we used the following panel quantile technique using equation as follows.
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Where [image: image] represent the quantile of D.V, [image: image] is the vector that explain the explanatory variable and τ showing the quantile, [image: image] determine the parameter of quantile of the regression, [image: image] denotes the individual effect and [image: image] shows a random error term. The various parameters of QR are estimated as below.
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Where [image: image] [image: image], and [image: image] show the various quantiles, years and countries respectively. [image: image] , represent the weight of numerous countries [image: image] is explained in the following formula.
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We also applied the Dynamic Fixed Effect model to validate the relationship of the variables explored through penal quantile regression. Panel DOLS and Panel FMOLS estimation techniques perfectly estimate the short-run relationship, and do not account for the long-run relationship (Murthy and Nath, 2009). In comparison, the Dynamic Fixed Effect Model is a good choice among panel models when different levels of heterogeneity exist across units. It is an appropriate panel model when a researcher analyzes both the short-run and long-run relationships of the variables simultaneously. This estimator permits intercept varying and formally put in position of homogeneity restriction over the coefficients of both short-run and long-run associations. Since countries in emerging markets have both unique and similar practices and operations, Dynamic Fixed Effect is an accurate and justified model for the analysis of this research. Sometimes, owing to the omission of numerous common factors, the contemporaneous correlation occurs in various residuals; to deal with this problem econometrically, time-specific effects are made in regression The Dynamic Fixed Effect model is based on the ARDL correction form that is used to examine the short-run and long-run associations of the variables.
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Variables Definitions and Measurement
EMPIRICAL RESULTS AND DISCUSSION
In Table 2, we tested the existence of cross-sectional dependence in the data. We considered countries in South-East Asia, which represent the dynamics of different countries. Our results validated the existence of cross-sectional dependence in the data generated through numerous tests (Breusch and Pagan, 1980; Frees, 1995; Pesaran et al., 2004). All these tests showed significant values that clearly indicated the rejection of null hypothesis, meaning that the significance level of cross-sectional dependence exists in the data.
TABLE 2 | Test for cross sectional dependence.
[image: Table 2]Table 3 shows the results of the panel unit root test. We first explored the existence of cross-sectional dependence in the data. We investigated the order of co-integration, unit roots, and stationarity in the data. To identify the basic roots in the panel across various variables, we preferred first- and second-generation tests, i.e., LLC, IPS and ADF-Fisher as a first-generation technique to explore unit root in the data, and Pesaran (2007), and Breitung and Pesaran (2008) as second-generation tools. We employed second-generation techniques, as they are very supportive in cases where the data exhibit serious cross-correlation. Both categories of tests, i.e., first generation and second generation, outline that the variables exhibit the combination of 1(0) and 1(1) order.
TABLE 3 | Panel unit root test.
[image: Table 3]Once panel unit root in each variable was verified, the long-run relationship of the variables was assessed through the co-integration test. In this regard, we applied the Westerland (2007) test to analyze the co-integration between variables (see Table 4). Westerland (2007) is an accurate technique, when the data is highly heterogeneous in the short run and long run (Persyn and Westerlund, 2008). We used data from numerous countries in this region that contain cross-sectional dependence; this is why this co-integration technique was an appropriate choice (Zeeshan et al., 2021). ICT and renewable energy show the group means tests, and Pt and pa show the alternative hypothesis for capturing co-integration in the panel (Persyn and Westerlund, 2008). The outcomes of the test validate the existence of co-integration between variables as a result of the significant values of both ICT and Pop, and this clearly outlines the rejection of a null hypothesis for co-integration. Based on the significant test values, long-run co-integration in our data is pervasive.
TABLE 4 | Co-integration technique (Westerland, 2007).
[image: Table 4]We also apply Pedroni (1999), and Kao (1999) tests for analyzing co-integration between variables for more validation. Table 5 depicts the Pedroni co-integration tests based on seven diverse statistics. Based on the tabulated values there is a co-integrating relationship in the variables of this paper. Similarly, in Table 6, which shows the results of the Kao co-integration test, the statistics are significant at a 1% probability level, thereby rejecting the null hypothesis of no co-integration. Thus, all three co-integration tests validate the existence of co-integration between variables.
TABLE 5 | Results from the pedroni board Co-integration test.
[image: Table 5]TABLE 6 | Results from the Kao Panel Co-integration test.
[image: Table 6]In Table 7, the results of quantile regression are displayed. Our results showed that ICT was significant in the majority of quantiles with positive signs, implying that an increase in ICT will increase the level of CO2 emissions in these countries. In our results, the majority of quantiles showed coefficients significant at a 10% probability level. The results suggested that an increase in ICT and technological advancement in these countries could be effective in production, but showed a marginally significant contributing effect in CO2 emissions. Our results were in line with many previous studies, e.g., Lee and Brahmasrene (2014) for ASEAN, Avom et al. (2020) for sub-Saharan African countries. Our results for renewable energy showed that renewable energy negatively affected CO2 emissions in South-East Asia, demonstrating that the use of renewable energy could be effective in promoting environmental quality and sustainability. Almost seven quantiles out of ten were statistically significant at a 10% probability level. Hence, we concluded that renewable energy was effective in reducing CO2 emissions in South-East Asian countries, and could be a focus point for policymakers in the region as plays a role in environmental sustainability. Many previous studies also argued that renewable energy significantly contributed to environmental sustainability (Ullah et al., 2019; Borowski, 2021; Attia et al., 2022). Both trade and population were shown to have a significant effect on CO2 emissions, confirming that more trade and population increases can badly affect environmental quality.
TABLE 7 | Panel quantile regression.
[image: Table 7]Table 8 illustrates the results of Dynamic Fixed Effect embodying the short-run and long-run effects of ICT and renewable energy on environmental quality in South-East Asian countries. The results demonstrated that the ICT coefficient was statistically significant in the short run, implying that an increase in ICT platforms and technologies increased the volume of CO2 emission in South-East Asia. However, in the long-run, the coefficient was positive, but insignificant status which determine that due to advancement, mostly energy efficient measures are being underway to cater for environmental sustainability which would definitely contribute to lower down the volume of CO2 emission. Renewable energy showed statistically significant coefficients in both the short run and the long run, with an increase in significance in the long run, suggesting that in the long run more deliberate use of renewable energy in the manufacturing sector and households could be very impactful. Both trade and population had statistically significant relationships with CO2 emissions in both the short and long run. However, in the long run the results are comparatively less impactful on CO2 emissions, which means that due to efficient energy in both trade and households levels in this region would reduce to some extent the level of CO2 emission. Both trade and population showed a significant positive effect on CO2 emissions, suggesting that population and trade liberalization both account for environmental degradation in the short and long run in this region.
TABLE 8 | Results of dynamic fixed effect model.
[image: Table 8]CONCLUSION AND POLICY IMPLICATIONS
The tremendous growth in ICT, advanced technologies, and renewable energy have significantly contributed to environmental sustainability across the globe. Their significant contributions to environmental sustainability and environmental quality have attracted academics to comprehensively explore ICT, block chain, and renewable energy. This study focused on the South-East Asian region, with a view to ascertaining the impact of ICT and renewable energy on environmental quality. Our empirical results investigated both the short- and long-run relationship between ICT and renewable energy, and environmental quality, and revealed that ICT deliberation in this region contributed positively to the amount of CO2 emissions, and that ICT caused environmental degradation, which may be as a result of the use of fossil fuels in the majority of trade-related technologies and none energy efficient technologies. The empirical results of both estimation techniques, i.e., Penal Quantile regression and Dynamic Fixed Effect, showed positive coefficients for ICT in both the short and long run, hence we noticed that ICT did not improve environmental quality in the region, rather it caused environmental degradation. Some of the previous research also highlighted similar footprints of ICT with environmental quality (Shobande and Ogbeifun, 2022; Zafar et al., 2022).
Our results also highlighted the impact of renewable energy on environmental performance in this part of the world, and showed that renewable energy contributed to environmental quality. Hence, our results are in line with numerous studies that also explored the positive contribution of renewable energy to a country’s environmental performance (Chopra et al., 2022; Suki et al., 2022; Usman and Balsalobre-Lorente, 2022). Both trade and population in this region increased CO2 emissions, which implies that more trade activities and a consistent increase in population size caused environmental degradation.
The study has numerous implications. It could be vital for policymakers in this region as the findings clearly outline the negative effects of ICT on environmental performance, which suggests that think tanks dealing with these areas in this region must use efficient energy in for ICT equipment to bring down greenhouse gas emissions. The strategic formulation should be of such nature that it would encourage the use of green energy and efficient energy in the use of ICT. The national governments in this region should make laws to encourage efficient energy based on ICT equipment at the corporate, government and household level. The findings of the study showed the significant contributions of renewable energy to environmental quality in this region, thereby suggesting that each country must be very prone to efficient energy use at both the corporate and society level. This could be very helpful in developing trends for renewable energy use that will contribute to environmental sustainability of this region. The study could be further extended to compare various developing regions, and a new study comparing two different developed regions to explore the relationship between these variables could also be valuable.
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This study was carried out to assess agricultural communities’ understanding of climate change, the adaptation measures being undertaken against climate change, and industrial wastewater irrigation. It was considered important to check agricultural communities’ understanding of climate change, as the majority of the study area belongs to the farming and industry sector. This study was based on primary data collected through a survey in the study area. The results of present study showed that agricultural communities with sufficient resources and assets consider themselves to be safer and more capable of coping with the negative effects of climate change. Agricultural communities used different techniques to deal with the impacts of climate change in present study area. This study produced findings about agricultural households’ adaptation tactics that are unique and will aid policymakers in assisting agricultural communities in their day-to-day activities and farming practices, as well as in the implementation of proper monitoring and public policies to ensure integration and sustainability. This research is based on the sustainable livelihoods approach (SLA), which investigates how livelihood assets support agricultural communities by combining household adoption/adaptation strategies and livelihood outcomes.
Keywords: agricultural communities, climate change, adaptation techniques, Kasur, Pakistan
INTRODUCTION AND LITERATURE REVIEW
In the agricultural sector, one major challenge is the effect of climate change on agriculture. Inconsistent temperatures have been shown to alter crop respiration requirements, resulting in a shorter maturation period and a decrease in net growth and productivity. Increasingly, lives and livelihoods are being impacted by climate change, particularly in mountainous regions where much of the population may belong to ethnic minorities. A large majority of the population is unable to understand and interpret climate data, making them more vulnerable (Bogner et al., 2009; McDowell et al., 2014; Rehman et al., 2021), despite their best efforts. It is critical to access and implement adaptation measures to better understand farm households’ beliefs, mitigation measures, and attitudes toward climate change (Singh et al., 2017; Ozturk et al., 2019). Studies have shown that climate change has an enormous impact on farmers’ lives (Field et al., 2012). The agricultural sectors of many countries face a serious threat from climate change, which necessitates the implementation of adaptation strategies to protect future agricultural production and the livelihoods of agricultural communities (Chandra et al., 2017; Amir et al., 2020; Sohail MT. et al., 2021). Water for irrigation is vital in Pakistan’s agricultural sector (Fiaz et al., 2016; Sohail et al., 2019a); without it, the country’s food production will be severely limited (Lee et al., 2020). The water used for agriculture is also applied to other uses in many countries; it provides nutrients that increase crop yields without using fertilizer, but it also contains organic compounds and heavy metals that can harm the environment, human health, and agricultural productivity, which must be taken into consideration when deciding what means to use in disposing of wastewater (Mahfooz et al., 2019; Sohail et al., 2019; Sohail et al., 2020). Canal water and wastewater are commonly used by agricultural communities, and wastewater is thought to have beneficial effects on crops (Yamin et al., 2015; Sohail et al., 2022b). Unsuitable wastewater can harm crops, soil, vegetables, and the environment, as well as human health (Hassan et al., 2013; Ullah et al., 2013; Lan et al., 2022). Some agricultural communities do not have or are running low on canal water. As a result, they turn to wastewater pumping as a substitute source of irrigation water (Anwar et al., 2010; Sohail et al., 2022a). This has gravely impacted Pakistan’s crop production (Lobell and Gourdji, 2012). Its agricultural output, ecosystems, agricultural livelihoods, and food security have all suffered as a result of the country’s growing climate vulnerability in recent years (Saeed et al., 2012; Akhtar et al., 2019). Pakistan is the seventh most vulnerable developing region to extreme weather to extreme weather in the world (Schilling et al., 2013). Because of the increased vulnerability and food insecurity that rural farm households face as a result of environmental hazards such as rising temperatures and irregular precipitation (Ozturk 2016; Fahad and Wang 2018; Jian et al., 2021; Fareed et al., 2022; Sohail et al., 2022b; Zhenyu and Sohail, 2022). The agricultural industry and rural communities will be hit harder by increasingly frequent extreme weather events in the future (Reidsma et al., 2015; Yen et al., 2017; Zhao et al., 2019; Jiang et al., 2021). Hence, timely and innovative adaptation measures and agricultural practices are needed to ensure sustainable development, poverty reduction, and food security (Zabel et al., 2014; Jezeer et al., 2019). It is difficult to find research on how farm households in developing countries like Pakistan are adapting to climate change. This study conducts an investigation into the decision-making processes of agricultural communities regarding climate change adaptation. It takes into account the importance and adverse situation in the study area as well as current research gaps. This research is based on the sustainable livelihoods approach (SLA), studying how livelihood assets support agricultural communities by combining household adoption/adaptation strategies and livelihood outcomes (Shinbrot et al., 2019). Our main research question is the following: How important is it to investigate of agricultural communities’ risk assessment and adaptation techniques in response to the effects of climate change? The objectives of this study were to analyze i) agricultural communities’ perceptions toward climate change, ii) their adaptation techniques in response to the effects of climate change, and iii) their livelihood assets and life status in the Kasur district of Pakistan.
METHODOLOGY
Study Area and Data
This study was carried out in one of agriculture area Kasur in Punjab Province Pakistan, Pakistan’s most populous and second-largest province. Kasur has a more than 1,000-year history. During the period of the Indus Valley Civilization, the Kasur region was an agricultural region with forests. It had a population of 3,454,881 people at the time of the 2017 census, with 1,788,617 men and 1,666,044 women. The population of this area was 2,564,101 rural and 890,780 urban (Pakistan Bureau of Statistics, 2017). In the Kasur district, the Bambawali-Ravi-Bedian Canal was built, boosting the area’s agricultural development. Commercial and industrial development has occurred, but the area remains primarily agricultural. The district’s farmland covers 393,000 ha, with about 295,000 ha under cultivation. Rice, cotton, sugarcane, wheat, and fodder are among the main crops grown in the district. The district features a sub-tropical climate and vegetation, making it unsuitable for horticulture development, except for certain areas in the southwest of the district, near Patoki, where a large number of nurseries have sprouted. However, these nurseries do not have a market within the district and primarily serve the needs of Lahore (Figure 1). The results of this study may be of use for other agricultural countries. In this study, agricultural communities’ experiences with climate change, the use of wastewater irrigation, and climate change adaptation techniques were examined (Sohail M. et al., 2021). Based on existing literature, a semi-structured questionnaire was developed and adapted to collect data in Kasur Punjab Pakistan (Teh. Kasur, Teh. Chunian, and Teh. Patoki) (Fahad and Wang, 2018; Fahad et al., 2020; Sohail et al., 2022a). Ethics in basic research were taken into account when defining the research goals and collecting data from agricultural communities, and the research goal was clearly explained to agricultural communities (Resnik et al., 2015). Furthermore, agricultural communities were made aware that the information they provided would only be used for research and that they were not obligated to provide any answers (Bell et al., 2005; Rasool et al., 2017; Mustafa et al., 2022; Rehman et al., 2022; Ullah et al., 2022; Atchike et al., 2022). This instrument contained a brief introduction to the study’s purpose, followed by a demographic questionnaire to determine the participants’ ages, occupations, and other relevant information. The remainder of the questionnaire is focused on irrigation methods and agricultural communities’ livelihoods. As part of this research, a pre-test was performed on all 800 completed questionnaires to ensure that the data was accurate and free of inconsistencies. SPSS 25 was used to analyze the data that had been gathered (regression).
[image: Figure 1]FIGURE 1 | Study area.
RESULTS AND DISCUSSION
Table 1 shows the 800 agricultural communities sampled in this study from the District Kasur Punjab Province of Pakistan (in Teh. Kasur, Teh. Chunian, and Teh. Patoki). Personal characteristics, circumstances, and farming practices define individual agricultural communities’ responsiveness and adaptation potential (Bryan et al., 2013; Qasim et al., 2015; Sohail et al., 2022b). Table 1 also presents demographic information on the agricultural communities in these three tehsils of the Kasur District in Punjab province: the participants from Tehsil Kasur were 83% male and 17% female, those from Tehsil Chunian were 70% male and 30% female, and those from Tehsil Patoki were 85% male and 15% female. Most members of agricultural communities in the selected tehsils of the Kasur District were young, experienced, and energetic in agriculture. The majority of respondents were uneducated, and their level of education was low; the majority had only primary education, while some had more than 6 years of education. The majority of the agricultural communities were seasoned, with some having about 10 years of experience in the field. According to Mehmood et al. (2021), farmer’s awareness has a significant relationship with education and farming experience. Most families in agricultural communities in the Kasur District are large. The majority of respondents plowed their land with a tractor, while some used bullocks, and a small group used both methods. The majority of people in the agricultural communities received information about farming from their friends, particularly from older agricultural communities in the area. The awareness of climate change in agricultural communities was also identified in a survey item. The results showed that 60%, 75%, and 55% of respondents in Kasur, Chunian, and Patoki, respectively, were well aware of climate change (Table 1). Agricultural communities’ perceptions of climate change and its effects are mediated by farmland features and demographic assets, according to the literature (Bhadwal et al., 2019). Agricultural communities benefit from knowledge, information sharing, and communication in their decision-making, and are adopting proper measures against climate change and associated factors (Drafor and Agyepong, 2005; Deressa et al., 2009). The literature also indicates the importance of agricultural communities’ demographic and socioeconomic characteristics in relation to the climate change adaptation they used. Table 1 depicts the lifestyles and assets of agricultural communities, for example. Tractor/plow, bicycles, motorcycles, tube wells, spraying devices, electric generators, automobiles/jeeps, air conditioners, gas generators, televisions, and livestock (Sohail et al., 2022a). The majority of agricultural communities in these three tehsils of district Kasur feature all of the above-mentioned assets related to their farming and daily life. Although some agricultural communities own tractors, the majority use bullocks and may rent a tractor for land preparation. Many other secondary types of luxuries, such as automobiles, air conditioners, generators, and tube wells, were not available to all agricultural communities in the study area, indicating a less luxurious lifestyle and demonstrating the need to mitigate climate change (Ullah et al., 2022). Better access should be provided to cutting-edge farming technology and agricultural assets to promote agricultural progress and reduce poverty (Fahad, et al., 2018). Some expert have found that agricultural communities that desired to reduce climate change risk had sufficient resources to adapt (Deressa et al., 2009). Natural calamities such as severe rain, droughts, and floods threaten small agricultural settlements. Agricultural communities with sufficient resources and assets feel safer and can better withstand climate change (Goh, 2012).
TABLE 1 | Demographic information/livelihood assets of agricultural communities.
[image: Table 1]The climate in Pakistan ranges from semiarid to arid, which impacts its water resources and leads to a scarcity of freshwater (Shah et al., 2019). The agricultural communities examined in this study used canal water, freshwater, and industrial waste water for irrigation. Groundwater in many parts of Pakistan is of poor quality due to high levels of soluble salts and hazardous metals (Murtaza et al., 2019; Hussain et al., 2020). Industrial wastewater is used for irrigation in some areas, and due to prevailing water scarcity, its use may increase in the coming years (Afzal et al., 2014). Many industrial companies discharge their wastewater to nearby waterways or into fields (Hussain et al., 2020; Shahid et al., 2020; Sohail et al., 2022a). The infrastructure for collecting and treating wastewater in Pakistan is inadequate (Kanwal et al., 2020; Khan et al., 2020). Residents in this research region used drains or combined drains and freshwater for irrigation. According to some studies, low-quality irrigation water can have an impact on soil and groundwater quality, as well as human health (Bruvold and Crook, 1981). As some individuals used industrial wastewater for irrigation, the following question was posed: “Is industrial wastewater a cheaper fertilizer than conventional fertilizer?” The majority of respondents, 70%, 60%, and 55% in Kasur, Chunian, and Patoki, respectively, responded “yes.” The majority of agricultural communities identified three key benefits to the use of drain water: 1) lower water prices, 2) lower fertilizer costs, and 3) increased crop yield (Sohail and Ehsan, 2022). The majority of rural communities were unaware of the dangers of using drain water. While some agricultural communities were aware of potential threats, 55%, 30%, and 75% in Kasur, Chunian, and Patoki, respectively, were unaware of possible hazards due to industrial wastewater irrigation, while 45%, 70%, and 25% in Kasur, Chunian, and Patoki, respectively, reported awareness of this (Carr et al., 2011). Agricultural communities prefer to use wastewater for irrigation when it is freely available and usually they were unaware of its impacts on human health and on environment (Shahid et al., 2020). Many farmers in agricultural communities prefer to use wastewater because of its good effects and the presence of nutrients for crops, although the level of nutrients in the wastewater they use has not been extensively investigated (Khalid et al., 2020; Sohail et al., 2022a). Studies have shown the potential health risks associated with toxic metal deposition in wastewater-irrigated topsoil (Kanwal et al., 2020, Shahid et al., 2020). Many farmers say that no one in their families experience any ill effects, although some report that they do (McCusker and Gunaydin, 2015; Shahid et al., 2020) (Table 2). Heavy metals in wastewater, soil, and vegetables should be tested regularly to avoid accumulating in the food chain and human health risks (Hussain et al., 2020). Kasur’s leather industry, according to M. Afzal, damages soil, agriculture, and groundwater (Afzal et al., 2014).
TABLE 2 | Industry waste water use (irrigation).
[image: Table 2]Figure 2A depicted agricultural communities’ views on climate change in the Kasur. Over the past few decades, the effects of climate change have become increasingly evident (Patt and Schröter, 2008; Sohail et al., 2022b; Liu et al., 2022). The primary indicators used to measure perception were drought, flooding, soil issues, irrigation, animal diseases, rainfall issues, and crop pests. The agricultural communities in Kasur and Chunian reported flood rates of 66% and 64%, respectively, while the rest of the tehsils put it at a moderate or low rate. The lives of members of agricultural communities have been adversely affected by high temperatures and floods (Douglas, 2009). For the most part, people in Pakistan’s rural areas, particularly those who are agricultural communities, continue to live in substandard conditions, despite the country’s efforts to improve their lives in many different areas (Fahad, et al., 2018). Pakistan has experienced several devastating floods, including in 2010 and 2011, which resulted in the loss of approximately 250,000 (numbers) farm households and 1 million cultivated land, as well as the destruction of forests, fisheries, infrastructure, fertilizers, and animal sheds (Holt et al., 2006; Harvey. 2014; NDMA, 2014). Many agricultural communities in Pakistan are concerned about soil issues (Irfan and Husnain, 2022). In this study area, most respondents report low to moderate soil issues, but some face larger challenges (Sohail et al., 2014; Javed et al., 2020). Animals have always been a valuable resource for agricultural communities around the world, and the threat of animal disease adds another layer of complexity to their already taxing lives (Musungu, 2020; Sohail et al., 2022a). Some agricultural communities were facing animal diseases problem in District Kasur. Most of district Kasur is dry, and rainfall is always a severe challenge for farming. Pests are expected to be severe in south Punjab for several years (Iqbal et al., 2022). Many respondents indicate a high level of pests in the study area, 45%, 42%, and 55% in Kasur, Chunian, and Patoki, respectively. Adaptation techniques for climate change were also examined in this study (Figure 2B), Many families deal with choosing their own crop varieties, adjusting fertilizer, finding agricultural finance, and facing livelihood risks regularly (Kuang et al., 2020). Agricultural communities in Pakistan have been reported to use similar adaptation measures such as changing planting dates, crop types, variety changes, and input mix changes (Gorst et al., 2015; Maqbool et al., 2020). Agricultural communities occasionally face pest-related attacks on crops, which have been comparatively high in the Kasur District for many years and have the potential to affect production, so they use different techniques to reduce risk at different times (Ishtiaq et al., 2020). In recent years, crop production has fallen due to plant diseases, climate change, poverty, or irrigation concerns (Sohail et al., 2022a). Small agricultural communities are more vulnerable to climate change adoption than larger ones (Jamshidi et al., 2019), and climate hazards have a greater influence on low-resource farming populations’ income, food, and security (Shukla et al., 2019). The literature describes climate change’s effects on crop output and affecting Pakistan’s crop production, which accounts for a substantial amount of its GDP (Hay and Mamura, 2010; Tingju et al., 2014; Kuang et al., 2020). Climate risk and adaptation methods can assist agricultural communities in minimizing risk and boosting crop yield (Sohail et al., 2022b). Physical, environmental, and social assets influence agricultural communities’ adaptation strategies (Singh et al., 2022).
[image: Figure 2]FIGURE 2 | (A) Agricultural Communities’ Determining factor of Climate Change (%) (B): Adaption strategies/measures (%) by Agricultural Communities’.
Table 3 shows the results of linear regression for the research variables. Explanatory factors, including animal disease, have a significant relationship with adaptation strategies (p-value of 0.003 and coefficient of 0.153). Agricultural communities can safe animal from different diseases if they adopt suitable strategies (Musungu, A. L. 2020). Animal illnesses are managed in different ways by agricultural communities in different areas. Soil issues are highly significant as well (with a p-value of 0.000 and a coefficient of 0.044). With proper resources and measurement, soil issues can be resolved. Droughts and floods have a substantial association with adaptation measures (p-value 0.000 and coefficient 0.132) and (p-value 0.045 and coefficient 0.073) respectively, which indicates that adoption measures can help with droughts and floods. Pests have a significant relationship with the dependent variable as well (p-value 0.000 and coefficient 0.035). This demonstrates that agricultural communities can control pests using reasonable methods. Adaptation measures and storage of water for irrigation showed statistical significance (p = 0.000, positive correlation of 0.124). The dependent variable has a considerable link with potential dangers induced by industry wastewater (p-value 0.000 and coefficient 0.178). More effective adoption strategies can help lessen the negative effects of industrial wastewater on human health and increase access to information about the dangers of industrial wastewater use.
TABLE 3 | Linear regression.
[image: Table 3]CONCLUSION
Pakistan is largely an agricultural country, and the vast majority of its population is engaged in farming. A majority of our respondents had no idea that industrial wastewater could pose a health risk. A variety of statistical methods were employed to examine the correlation between various variables. Agricultural communities with a sufficient amount of assets and resources believe that they are secure enough to withstand the negative effects of climate change. In this study, correlation values of selected variables are significant across all variables. The study’s findings will help policymakers support agricultural communities’ daily activities and farming techniques and provide adequate monitoring and public policies to ensure integration and sustainability. In the context of Pakistan, the findings of this study on agricultural households’ adaptation tactics are unique. They offer information on adaptation measures and their advantages, as well as the value of change awareness programs delivered by extension workers in the Kasur District. Risk-mitigating investment measures can aid impoverished farming households. Climate-related endowments, such as access to services and alternative livelihood opportunities, must be prioritized by policymakers.
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China’s extensive growth since reforming and opening its economy has led to increased pollution, and under the United Nations Framework Convention on Climate Change, Chinese companies must initiate green innovation to meet the world trend and enhance their international competitiveness. In addition, with institutional and cultural differences, policy drive is a key focus of China’s development. Therefore, China’s Energy Saving and Emission Reduction policy has its own necessity and characteristics as a mechanism for green innovation in enterprises. This study examines the impact of the 13th Five-Year Plan on green innovation from the perspective of the Energy Saving and Emission Reduction policy. First, the data of 100 listed enterprises in two control zones (TCZ) and non-two-control zones (non-TCZ) from 2014 to 2019 were selected to identify whether the implementation of the policy has an impact on the innovation of heavily polluting enterprises using the double-difference method (DID). The study found that the 13th Five-Year Plan for Energy Saving and Emission Reduction had a negative impact on the innovation of heavily polluting enterprises. Further, the study found that the policy had a negative impact on enterprises’ innovation through the transmission channel of increasing the environmental cost of enterprises, thus reducing investment in research and development (R&D). It is suggested that the state should start with the policy itself, identify its precise target, and formulate flexible environmental regulation policies.
Keywords: energy saving and emission reduction, green patents, heavy pollution, DID, innovation
1 INTRODUCTION
China’s GDP has grown rapidly because of reform and opening-up measures, and according to economic data released by the National Bureau of Statistics, China has overtaken Japan to become the world’s second-largest economy. Although China has been at the center of industrialization in recent years, the secondary sector in China accounted for 37.8% of the GDP in 2020, which is still higher than that of Germany, a manufacturing powerhouse, and the world average. The advent of the information age has led to a flourishing economy (Işık, 2013), an increase in government investment to boost GDP per capital, and a growing problem of pollutant emissions (Işık et al., 2022) with environmental issues coming to the fore. According to a report published by the Ministry of Ecology and Environmental Protection, China’s carbon emissions will reach 13.9 billion tons in 2020, accounting for 30% of the world’s emissions. In the context of economic growth, which is obtained by energy consumption and polluting the environment, and in the context of China’s special socialist system, the formulation and successful implementation of effective policies can help the government to establish a good image, and the people will be more obedient to their guidance (Ahmad et al., 2021). Thus, the government’s macro-control measures to regulate population activities can effectively relieve environmental pressure to a certain extent, accelerate the transformation of economic growth mode from extensive to intensive, and realize the upgrading of industrial structure. The policies of the Five-Year Plan for Energy Saving and Emission Reduction are aimed at reducing the number of people living in the country. Moreover, it targets heavily polluting enterprises and provides for a reduction in the total emissions of major pollutants by approximately 40% by 2020. In the 13th Five-Year Plan issued by the State Council in 2017, it is stipulated that the value of energy consumption in 2020 will be reduced by 15% compared to the national energy consumption of 10,000-yuan GDP in 2015. Another key indicator is the reduction in total emissions of volatile organic compounds (VOC) by more than 10% in 2020 compared to 2015 (Yan et al., 2020). Environmental regulation is an important means and tool to motivate enterprises to act on protecting the environment (Rugman and Verbeke, 1998), including administrative command-based environmental regulation and market-based environmental regulation. Command-and-control environmental regulation manages subjects through local standards, regulations, and other means (Fan and sun, 2020), to achieve environmental control and promote the development of green technological innovation in enterprises. Energy conservation and emission reduction policies, as command and control environmental regulatory instruments, have been implemented in a macro-context, where the consequences of man-made destruction of the earth’s natural environment and global warming have become evident in recent years. Therefore, measures to mitigate environmental degradation are urgently needed. At the micro-level, China’s environmental regulatory policy has long been dominated by command-and-control environmental administrative instruments (Tao et al., 2021). In addition, China is in the midst of industrialization, which allows for economic transformation, so it is possible to combine this with command-based environmental regulation to adjust the status quo to an extensive economic growth mode. Unlike other environmental regulations, the Energy Conservation and Emission Reduction policy is a product of Five-Year Plans, each of which specifies a different emission reduction target and is progressive in its efforts, with a certain degree of tolerance in terms of corporate innovation; thus, differing from the impact of other environmental regulation policies on corporate innovation. The Energy Saving and Emission Reduction policy is a nationwide environmental governance strategy with a wider scope than other environmental regulations, so studying these policies can provide a more comprehensive response to the effects of environmental regulations adopted by the government. The 13th Five-Year Plan for Energy Saving and Emission Reduction considers the current environmental situation and development trends. It clearly stipulates optimizing the industrial and energy structure, strengthening energy conservation in key areas, enhancing the reduction of major pollutants, vigorously developing the recycling economy, mobilizing the whole society to participate in energy conservation and emission reduction, etc., which is systematically and comprehensively targeted in terms of program provisions. It is in line with China’s socialist national conditions by clearly defining emission reduction targets, while promoting the achievement of policy objectives through social monitoring.
As the economy grows and environmental issues become more prominent, the positive impacts of renewable energy—despite being widely accepted and used in recent years—on CO2 emissions in some regions are less than the negative impacts of fossil energy (Işık et al., 2019). With the trend of globalization, the development of international trade and the booming tourism industry have had a negative impact on the environment (Isik et al., 2017). Therefore, in the context of economic development and globalization, unilateral reliance on sustainable energy sources is not effective in alleviating environmental pressures, and companies should innovate their production methods. For example, the optimal contract theory suggests that executive incentives can achieve synergy of interests between shareholders and management, reduce agency costs, and thus promote the efficiency of corporate innovation (Grossman and Hart, 1983); while the higher echelon theory suggests that managerial experience, values, and personal traits influence corporate innovation (Hambrick and Mason, 1984). Corporate green innovation also depends on external environmental regulation, and when firms face elevated levels of environmental regulation, clean technology firms with external investment are more likely to avoid environmental regulation by purchasing production equipment and off-the-shelf technology (Emilio and Kensuke, 2018). Yan et al. (2020) found that government-led funds can promote firm innovation in conjunction with private venture capital. In the context of China’s special socialist system, environmental policies implemented by a country inevitably have an impact on some enterprises. Innovation is an important form of resource reallocation within enterprises (Bernard et al., 2010) and has an enormous impact on the output (Yi et al., 2017) and product quality (Feng, 2020). Therefore, under the pressure of policies, heavy polluters or enterprises with excessive emissions must make changes, and enterprise innovation is a better choice; however, a better choice is not necessarily a suitable choice. First, a fixed production process was established in enterprises with heavy pollution after long-term inheritance. Therefore, the cost of the production process and the investment in industrial upgrading is tremendous, which compels these enterprises to abandon innovation. Second, the early neoclassical economic theory argues that environmental regulatory policies could constrain firms’ productive activities, leading to endogenous costs (Walter and Ugelow, 1979; Feiock and Rowland, 1990; Copeland and Taylor, 1997), crowding out productive investment (Haveman and Christainsem G B, 1981) and reducing corporate research and development (R&D). The implementation of the mandatory collection of pollution charges required by the policy of Energy Saving and Emission Reduction decreases enterprises’ R&D investment and may lead to a decline in their transformation, thus exerting negative effects on their green innovation. Finally, a certain period is needed for green patents to be developed and authorized, so it is not guaranteed that the implementation of energy-saving and emission-reduction policies will have a positive effect, instead of a negative effect on the green innovation of enterprises in recent years. The 13th Five-Year Plan for Energy Saving and Emission Reduction influences enterprises’ green innovation through certain mechanisms. The policy focuses on optimizing the energy structure of industries and strengthening the emission reduction of major pollutants. This leads to a curtailment in the investment capital of heavy polluters in terms of innovation. Therefore, this study examines the impact of the 13th Five-Year Plan for Energy Saving and Emission Reduction policy on the green innovation of heavily polluting enterprises, and analyzes whether the plan has an impact on green innovation through the channel of influencing enterprises’ emission fees. This study uses the DID model to manually collect the number of green patents to examine the impact of the Energy Saving and Emission Reduction policy on green innovation of heavily polluting enterprises and to examine whether this policy can force those enterprises to transform. The innovations of this study are as follows: 1) This study combines macro- and micro-enterprise data to study the mechanism of environmental cost in enterprise innovation, exploring its independent and convergent characteristics. The conclusions reached are more reliable and scientific, providing a perspective on the restrictive factors that the state should consider in the process of achieving the purpose of environmental regulation implementation. 2) Owing to its institutional characteristics, China’s Energy Conservation and Emission Reduction policy is an important national environmental regulatory policy, and it is crucial to study its implementation effect. This study treats energy conservation and emission reduction policy as an exogenous shock and a quasi-natural experiment, combining DID model to analyze the impact of the policy on green innovation of heavily polluting enterprises and mitigate the interference of endogenous problems, which not only provides empirical evidence to reveal the effect of energy conservation and emission reduction in China but also enriches the influence factors and channels of green innovation of heavily polluting enterprises. 3) The literature study on environmental regulation consisted of a wide industry sample, and the research results and the real situation of migration were ignored due to the diverse nature of the industries. This study focused on the heavily polluting enterprises, accurately identified environmental regulation policy implementation effect, explored property heterogeneity and industry, and revealed energy conservation and emissions reduction policy in diverse properties rights and different influences under industry.
2 LITERATURE REVIEW
The impact of environmental regulation policies, primarily the Energy Saving and Emission Reduction policy, on business innovation can be grouped into two categories. One of them is inhibition; China is currently undergoing industrialization and the long-standing pattern of relying on industry to generate economic growth is unlikely to change in the future. Moreover, clean technology enterprises are relatively weak in automation and have poor pollution control capabilities; environmental regulatory policies, mainly the Energy Saving and Emission Reduction policy, increase the unit emission and operating costs of polluting firms (Langpap and Shimshack, 2010), divert technological innovation inputs to environmental management projects (Kemp and Pontoglio, 2011), divert financial resources from firms, and extract funds for technological innovation activities, thus reducing productivity (Gray, 1987) and profitability (Palmer et al., 1995; Greenstone, 2002). China entered the industrial era 40 years ago, and some enterprises have developed a very mature production system and are more resistant to the transition, preferring to pay sewage charges to meet the needs of the policy. This increases the production costs of enterprises and reduces their profit margins, reducing their incentive to innovate green technology (Dean and Brown, 1995). Therefore, environmental regulations have a crowding-out effect on firms’ R&D investments through the rising cost of environmental management, which is detrimental to their technological innovation (Kneller and Manderson, 2012). China is the largest unitary state in the world, and environmental regulation policies are in the form of “Central treat, local pay.” In the weak incentive–weak constraint institutional environment, although local governments actively participate to obtain resource elements and other preferential policies from the central government, many of their efforts are tentative and not implemented with positive attitudes and actions (Liu et al., 2019), which causes the deviation of environmental regulations from the expected results; and thus, the inability to effectively play the role of the government in pushing back the green technological innovation of enterprises. High polluting firms will be more significantly affected because of the simultaneous cost pressure effect, process innovation incentive effect, and market-oriented incentive effect of environmental regulation (Liu and fan, 2019), but if the policy simply emphasizes emission reduction targets and fails to implement flexible environmental regulation policies, coupled with the shrinkage of overall economic activity due to COVID-19 and national economic policy uncertainty, innovation incentives for heavily polluting firms will struggle (Işık et al., 2020; Leeuwen and Mohnen, 2017). The second is “facilitative.” A series of energy conservation and emission reduction policies implemented in China since the reform and opening-up of the country have effectively contributed to the continuous improvement of industrial green productivity and have initially demonstrated the effectiveness of the green revolution in environmental policies (Chen, 2010). Porter’s hypothesis is quite representative and suggests that reasonable environmental regulations can promote the technological progress of enterprises, produce innovation compensation and first-mover advantage (Porter and Linde, 1991), and are beneficial for improving the competitiveness of enterprises (Liu and Zhou, 2018). Other scholars later supported this view (Berman and Bui, 2001), complementing the Porter hypothesis. Pearce (1991) argues that a carbon tax can be used to reduce the level of tax distortion and improve the quality of the environment (the first dividend) while simultaneously promoting job or investment growth (the second dividend). Meanwhile, the market-based policy of Energy Saving and Emission Reduction focusing on carbon emission trading can provide incentives for enterprises and assist them in improving a high-quality production level (Hu and tang, 2020). Other arguments suggest a “U-shaped” relationship between environmental regulation and green technological innovation (Liu et al., 2017; Meng and Yu, 2022). The relationship between environmental regulation and firm innovation is not measurable (Chan et al., 2016).
Many factors influence corporate green innovation. From an intra-firm perspective, based on principal–agent theory, firm owners cede the right to manage the firm; the dual personalities of narcissism and humility of managers are conducive to the establishment of a corporate innovation culture and promote corporate innovation performance (Zhang et al., 2017), and managerial experience is positively related to innovation investment (Yang et al., 2022); corporate capital structure also affects corporate innovation to a certain extent (Zhang and Xu, 2022); and from a financial perspective, environmental management accounting activities can help firms engage in green innovation. In terms of the external environment, flexible and differentiated environmental regulation policies can directly provide goals, directions, and opportunities for clean technological innovation (Joern et al., 2013), so environmental regulation has a positive effect on promoting green technology innovation (Wang et al., 2020). However, the Porter hypothesis clearly states that some strict environmental regulations are conducive to firms’ innovation and those regulations increase the pressure on companies to reduce pollution and emissions, leading to higher production costs and thus a “crowding-out effect” on firms’ innovation resources (Petroni et al., 2019). He et al. (2019) found that green credit significantly promotes a delay in technological innovation. Additionally, Cao et al. (2021) adopted DID to evaluate the impact of the implementation of Green Credit Guidelines on the green innovation activities of enterprises.
A review of the existing literature reveals a wealth of research on corporate innovation, which provides a solid theoretical foundation for this study. However, there are some limitations in the existing literature. First, given the quality and availability of micro-enterprise data and macro-policy data, few existing studies on corporate green innovation have examined in depth the mechanisms through which the Energy Saving and Emission Reduction policy affects corporate green innovation from a macro–micro perspective, and even fewer have examined the channels through which these mechanisms work. Second, in previous studies, most research on environmental regulation has focused on all industries, ignoring the bias between the findings and the reality due to the diversity of industries. The Energy Saving and Emission Reduction policy has focused on polluting industries; therefore, this study uses heavily polluting enterprises as research subjects, which can help accurately identify the effectiveness of the policies. Third, the Energy Saving and Emission Reduction policy explored in this study as a product of the Five-Year Plan and an important environmental regulation tool has a positive starting point. However, the findings of this study differ from those of previous studies, and there may be a lack of targeting in policy formulation, leading to an unexpected contradictory outcome. The findings of this study can help the country to enhance flexibility in policy formulation and provide input for subsequent policy formulation and implementation.
3 THEORETICAL ANALYSIS AND HYPOTHESIS
The Energy Saving and Emission Reduction policy influences the number of green patents held by companies through the increased cost of pollution control. The detailed analysis is as follows.
First, the increase in pollution abatement costs caused by the policy of Energy Saving and Emission Reduction will exert negative effects on the green innovation of enterprises. When the government implements a policy, it places explicit restrictions on the total amount of pollutants discharged by firms. Therefore, when local governments at all levels respond to national policies, they inevitably put pressure on companies. However, unlike the situation under command control regulation, enterprises with high energy consumption can continue to produce until the marginal emission cost is equal to the price of emission rights, and they will not pay a fine higher than the marginal emission cost or be forced to stop production. Considering the demand for innovation of production methods and extremely high costs of raw material, the emission cost paid is lower than the R&D expenditure; some established companies with heavy pollution after a long period of inheritance (such as steel, coal, paper, and other industries) are likely to choose to pay pollution charges to continue production. When the operating cost of enterprises increases, it will have a crowding-out effect on innovation and investment. Therefore, additional environmental costs reduce enterprises’ investment and harm their innovation in other aspects (Tu et al., 2019). In this case, the number of green patents decreases accordingly. Moreover, the effect of the policy is influenced by region, industry, and participants. If they are not fully considered in the initial stages, they may be negatively affected. Moreover, firms will hesitate to comply with related regulations, and their enthusiasm for green innovation will be impaired (Anouliès, 2017). Eventually, enterprises’ green innovation will also be affected. Therefore, the policy of Energy Saving and Emission Reduction increases the cost to companies, weakens their profitability, and reduces their innovation investment by internalizing the negative effects of environmental pollution in the external world. In particular, when the marginal profit of green patents is less than their marginal cost, it is more difficult for enterprises to improve their enthusiasm for participating in the R&D of green patents. Therefore, in the face of the policy of Energy Saving and Emission Reduction, if the environmental cost is less than the R&D cost of green patents, firms will choose to pay the former, which will reduce their investment in R&D and be unconducive to their innovation, resulting in a reduction in the green innovation of enterprises. Figure 1 illustrates the mechanism channel of the impact of Energy Saving and Emission Reduction policy on corporate green innovation. Second, if the revenue from the sale of emission rights is greater than the cost of developing green patents or if the cost of purchasing emission rights is greater than the cost of developing green patents, then the profit maximization drive will lead to green innovation. In addition, at the beginning of the government’s environmental regulation policy, the role of “compliance cost” is higher than the role of “innovation compensation,” which is not conducive to green technology innovation. As policies become more formalized and rationalized, the “compliance cost” is lower than the “innovation compensation,” and firms are pressured to choose green technology innovation as a production method. Therefore, this study proposes the null hypothesis H0: The 13th Five-Year Plan for Energy Saving and Emission Reduction will not have a negative impact on the green innovation of heavily polluting enterprises. Alternative hypothesis H1: The 13th Five-Year Plan for Energy Saving and Emission Reduction will have a negative impact on the green innovation of heavily polluting enterprises by increasing the cost of pollution control.
[image: Figure 1]FIGURE 1 | Variable relationships.
4 MODEL SPECIFICATION AND DATA DESCRIPTION
4.1 Data Sources
This study uses patent data and the corresponding economic data of listed companies in China. The data on patents of listed companies were obtained from the People’s Republic of China State Intellectual Property Office (SIPO. https://www.cnipa.gov.cn). The data on their economic characteristics were obtained from the China Stock Market & Accounting Research Database (CSMAR. https://www.gtarsc.com) and the National Bureau of statistics of the People’s Republic of China (NBSPRC. https://www.stats.gov.cn). The data on regional characteristics were obtained from the Ministry of Ecology and Environment of the People’s Republic of China (MEE. https://www.mee.gov.cn). Table 1 presents the variables.
TABLE 1 | Variable definition.
[image: Table 1]4.2 Data Description
4.2.1 Explained Variable
In this study, the number of green patents granted to listed companies in the sample in the current year is selected to measure corporate green innovation and is denoted by patent. Data from SIPO and CSMAR.
4.2.2 Explanatory Variables
In this study, the 13th Five-Year Plan for Energy Saving and Emission Reduction issued by the State Council in 2016 is used as the explanatory variable if the sample year is after 2016 post = 1, and vice versa post = 0. Ten cities in the TCZ in the east and west and 10 cities in the non-TCZ with heavy pollution-listed enterprises were studied as the analysis objects, with the TCZ (19.01%) as the experimental group and the non-TCZ (13.7%) as the control group. (TCZ or two-control zone refers to the control zone for acid rain or sulfur dioxide emissions set by the National Environment Bureau, while the non-two-control zone refers to the zone that does not have any control set for the area.) If the enterprises belong to the TCZ, policy = 1 and vice versa = 0. Data for the TCZ were collected manually and obtained from the MEE.
4.2.3 Control Variables
Firm-level and regional economic characteristics were selected as control variables for the model in this study.
Enterprise credit evaluation. Scholars have shown that bank loans reflect market investors’ evaluations of corporate credit (Colombo and Groce, 2013). Simultaneously, moderate debt management can compensate for insufficient funds for business operations and long-term development, and enterprises can use more funds to improve technical equipment, reform processes, and conduct innovation activities. Therefore, the corporate debts of listed companies in the sample are introduced as the control variable to evaluate the credit of enterprises, which is represented by the variable “Debts” with value in logarithm.
Tobin’s Q value. Tobin’s Q value is used to study whether the value of an enterprise’s assets in the market is overestimated or underestimated, and a high Tobin’s Q value indicates a high rate of return on industrial investment. Therefore, introducing Tobin’s Q value of enterprises as the control variable can measure the intensity of enterprises’ investment in industry, which is represented by the variable “Tobin’s Q” with value in logarithm.
Enterprise asset utilization rate. Introducing the utilization rate of enterprises’ assets as a control variable can assist us in recognizing the degree of utilization of enterprises’ assets. Therefore, the return of assets of heavily polluting listed companies in the sample is introduced into the model as a control variable, which is represented by the variable “ROA” with value in logarithm.
Enterprise cash flow. It is believed that the larger the cash flow of enterprises, the faster the funds may flow for enterprise innovation. Therefore, enterprise cash holdings are introduced into the model as a control variable to measure its cash flow, which is represented by the variable “Cash” with value in logarithm.
Enterprise intangible assets. It is represented by variable “Ina” with a logarithmic value.
4.3 Debts, Tobin’s Q, ROA, Cash, and Ina Data Are From CSMAR
Regarding the level of regional economic development, relative to cities with a lower level of economic development, cities with a higher level are likely to provide greater support for enterprise innovation. The gross regional product of the city where the company is located is chosen as a control variable to measure the level of regional economic development and is expressed in logarithms as GDP. GDP data are from NBSPRC.
4.4 Model Specification
In the 1980s, a special method for evaluating the effects of policies, the difference-in-differences method (DID), was developed in foreign economics, drawing on experimental tests of effectiveness in the natural sciences (Ashenfelter, 1978, Ashenfelter and Card, 1985), and has since been widely cited. In an earlier study, for example, Card and Krueger (1994) used the DID method to calculate the effect of a minimum wage increase in New Jersey. Later, this method was widely used in policy research; for example, Oster-Aaland (2007) used the DID model to test whether the tailgating policy could make a difference in students’ alcohol consumption, and Liu et al. (2022) used the DID model to test whether the Leading Officials’ Accountability Audit of Natural Resources policy could significantly promote green innovation. Social science research is virtually impossible to conduct as a controlled experiment and can only be completed as a natural (or quasi-natural) experiment. Under natural experiments, DID method is used to obtain statistically significant unbiased estimates of policy effects by selecting a pre-experimental sample (“experimental group” or “treatment group”), and a post-experimental sample (“experimental group” or “treatment group”) differences (Shi and chu, 2017). From an econometric point of view, the double-difference method is a comparative static method of regression using individual data, which avoids the endogeneity problems associated with the traditional method of treating policy as an “independent variable.” This study adopts the double-difference method (DID) to identify the impact of the Energy Saving and Emission Reduction policy on corporate green innovation based on the following considerations: 1) To a greater extent, DID avoids the problem of endogeneity, as policies are made by the state and are exogenous to micro-economic agents, and thus do not suffer from reverse causality. 2) The traditional approach to policy evaluation is mainly through a dummy variable for the occurrence of a policy, but DID approach combines the occurrence of a policy with the point of occurrence, which is more rigorous, scientific, and more effective in assessing the effect of a policy. The model was constructed as follows:
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where DU is a grouping dummy variable; if individual i is affected by policy implementation, then individual i belongs to the treatment group and the corresponding DU takes the value of 1. If individual i is not affected by policy implementation, then individual i belongs to the control group and the corresponding DU takes the value of 0. DT is a policy implementation dummy variable that takes the value of 0 before policy implementation and the value of 1 after policy implementation. DU*DT is a grouping dummy variable; The interaction term with the policy implementation dummy variable, whose coefficient picture then reflects the net effect of policy implementation. Controlit is the control variable, [image: image] is the individual effect, and [image: image] is the time effect.
5 EMPIRICAL ANALYSIS
5.1 Descriptive Analysis
The descriptive statistics of the variables selected in this study are shown in Table 2. From 2014 to 2019, the maximum value of the number of green patents granted to enterprises was 4.4886, and the minimum value was 0, indicating that there was a major difference in the number of green patents between enterprises.
TABLE 2 | Descriptive analysis.
[image: Table 2]5.2 Regression Analysis
Table 3 shows the regression results of the effect of the Energy Saving and Emission Reduction policy on enterprises’ green innovation. According to the results, the policy is negatively associated with green innovation in heavily polluting firms at the 1% level, which is less than the conventional 5% significant value, thus rejecting the null hypothesis and also verifying the existence of the alternative hypothesis H1 that the Energy Saving and Emission Reduction policy has a negative effect on green innovation by companies. The theoretical reason for this is that China entered the industrialization era earlier. Therefore, heavy polluting industrial enterprises have developed to date and have formed a certain pattern in terms of production systems, and when the state implements environmental regulation policies, it restricts the emission behavior of enterprises through compulsory means. This invariably increases the environmental costs of firms, especially the heavy polluting enterprises which have developed over a long period; facing long-term and unpredictable innovation results, they choose a more secure production model in the face of high environmental costs, and then, unlike before the implementation of the policy, the increase in costs leads to pressure on innovation investment and a reduction in innovation capacity. This research differs from previous studies in that: 1) due to the Chinese institutional context and the authority of the Porter hypothesis, previous studies have demonstrated the positive impact of environmental regulation policies on firms. For example, Theyel (2000), based on data from a survey of US chemical companies, found that the adoption of environmental management practices integrated with production processes had a positive impact on corporate green technology innovation. He and Shen (2019), based on data on Chinese listed companies, found that environmental management systems promote green technological innovation in firms through the mediating effects of their internal resource management practices (i.e., utilization, accumulation, and allocation of resources). Chen et al. (2022) argue that environmental regulation has a long-term positive effect on green technological progress and green economic development but rarely considers the consequences of policy implementation in terms of the adverse effects of the policy. The scientific and comprehensive empirical analysis in this study draws conclusions that differ from those of the previous studies and exposes the limitations of national policy implementation. 2) Previous studies have been more monotonous in describing the direct impact of policies on enterprises; however, this study takes heavily polluting enterprises as the research sample, considers the channels affecting green innovation of these companies, proves the impact of channels of policies through mechanism tests, clarifies the channels of policies affecting innovation, and offers test results that are more scientific and reliable. 3) Since earlier findings were based on industry-wide samples, as Energy Saving and Emission Reduction policy is highly targeted, it is difficult to prove the real consequences of the implementation of the policies from the conclusions drawn from previous studies; the findings of this study are based on a sample of heavily polluting enterprises and can accurately capture the effects of policy implementation.
TABLE 3 | Benchmark regression results.
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5.3.1 Parallel Trend Test
This investigation used an event study approach to assess the parallel trend hypothesis and dynamic effects. Figure 2 shows the results of the parallel trend hypothesis test, where the horizontal axis is from 2 years before to 2 years after policy implementation. The estimated coefficient of DID before policy implementation is not significant, and the estimated coefficient of DID after policy implementation is significant; that is, the parallel trend hypothesis is satisfied.
[image: Figure 2]FIGURE 2 | Parallel trend test chart.
5.3.2 Placebo Test
Similar to other studies on policy consequences, owing to the complexity of the real economy and society, micro-firm behavior may be influenced by many other unobservable macro-factors in addition to the policy effects covered by the study itself. Thus, even if the parallel trend condition is satisfied between the experimental and control groups, there is uncertainty whether the empirical results obtained are necessarily caused by the implementation of the 13th Five-Year Plan for Energy Saving and Emission Reduction. To further enhance the credibility of the main test, a placebo test was designed for this study. The general idea is to select a year in which the policy did not occur as the hypothetical policy implementation year and then conduct the same test as the main test. If the test result is significant and consistent with the result of the main test, it indicates that the result obtained from the main test exists in the absence of policy implementation and fails the placebo test; and if the test result is not significant, it indicates that the result obtained from the main test that exists in the absence of policy implementation was not present in the absence of the policy and passed the placebo test. In this study, the policy was set to 2015 to examine whether the effect of the 13th Five-Year Plan for Energy Saving and Emission Reduction on green innovation exists. The results are presented in Table 4 (Model 1) and the results show that the DID coefficient is not significant and, therefore, passes the placebo test.
TABLE 4 | Robustness tests.
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To further prove the hypothesis, a robustness test was conducted using the replacement variable method, replacing the original variable with the ratio of the number of green patents granted to the current year’s R&D expenditure investment, expressed as the ROI. According to the regression results, the Energy Saving and Emission Reduction policy was significantly negatively correlated with ROI at the 1% level, further validating hypothesis 1, as shown in Table 4 (Model 2).
5.3.4 High-Order Clustering Robustness Standard Error Test
As the random perturbation terms for the same individual and region are correlated across years, using higher-order clustering robust standard errors better captures the characteristics of within-group correlations, resulting in consistent estimates of the true standard errors. The test results are shown in Table 4 (Model 3) and remain significant, indicating that they pass the higher-order clustering robust standard error test.
5.3.5 Exclusion of Other Policies’ Interference
In the process of implementing the 13th Five-Year Plan for Energy Saving and Emission Reduction, the State introduced the Water Pollution Prevention Law and the New Environmental Protection Law of the People’s Republic of China, which may have an impact on the estimation results of this study. To exclude the impact of these policies to identify the “net effect” of the policy, this study introduces the grouping variable POLICY in the base regression model with each policy. Model 4 reveals that the results still hold after controlling for other policies that may affect the green innovation of firms, indicating that the base regression results are robust.
5.4 Heterogeneity Analysis
5.4.1 Shareholding Heterogeneity
The difference in the nature of shareholding implies a different company positioning. State-owned enterprises (SOE), because of their special property rights and their production and operation in response to the state’s call, are required by state guidelines to be more cautious and stricter; in terms of policy implementation, public officials in SOEs are the most direct targets of accountability if the expected outcomes of the policy are not achieved (Liu and Xiong, 2022). In addition, the higher the administrative rank of the public officials of SOEs, the greater the responsibility for environmental protection and the stronger the supervision. Therefore, when the state issues environmental policies, SOEs take certain environmental management measures to meet the environmental standards set by the state; while non-state-owned enterprises are relatively less motivated in terms of state environmental constraints, as their business goal is to maximize their own interests, so they invest less in environmental costs. Another view is that the attributes of SOEs also make it easier for them to access external funding channels through banks and other financial institutions, mitigating the crowding-out effect of environmental regulations on internal financing and lowering environmental costs. Therefore, they are not conducive to the long-term reversal of corporate innovation (Lou and Ran, 2016). Thus, based on the nature of equity, the sample data were divided into state-owned and non-state-owned enterprises. Table 5 shows that the 13th Five-Year Plan for Energy Saving and Emission Reduction has a significant negative correlation with green innovation for SOEs, with a correlation coefficient of −0.543 (Model 5), and a significant negative correlation with non-SOEs, with a correlation coefficient of −0.206 (Model 6). This is because SOEs have strong political relevance and are more regulated by local governments, which will exert pressure on SOEs’ environmental management and are more active in fulfilling their social responsibility. When SOEs’ environmental performance is not up to standard, they tend to pay more environmental costs and R&D investment is further reduced; and non-SOEs, influenced by profit-seeking goals, find it difficult to actively invest significant resources to cooperate with the government’s environmental governance efforts regardless of the cost (Zhang et al., 2019). Consequently, SOEs’ output in R&D will become less, with the implementation of the policy, in relation to non-SOEs.
TABLE 5 | Heterogeneity analysis.
[image: Table 5]5.4.2 Industry Heterogeneity
In terms of innovation drivers, the role of environmental regulation policies is clear industry heterogeneous, with excessively polluting and high-emission industries being more affected by environmental policies (Antonioli et al., 2013; Kang et al., 2020). The 13th Five-Year Plan for Energy Saving and Emission Reduction focuses on strengthening energy conservation in key areas and enhancing the reduction of major pollutants, which is more targeted at heavily polluting companies. The policy concentrates on directly strengthening the performance assessment mechanism for environmental management within enterprises, compulsorily institutionalizing pollution control guidelines, highlighting the government’s intention to restrict the production and operation of heavily polluting firms and expand their investment and construction behavior, and addressing the problem of heavy environmental pollution at the source (Xu, 2022). As non-heavy polluters are less damaging in terms of emissions and, therefore, have lower costs to invest in environmental management, the avenue for extracting R&D and innovation investment through emissions charges may not exist. The regression results proved that the impact of the 13th Five-Year Plan for Energy Saving and Emission Reduction on non-heavily polluting enterprises was not significant (Model 7), indicating that the policy was focused on the impact on heavily polluting enterprises.
5.5 Mechanism Test
The Energy Saving and Emission Reduction policy had a negative impact on green innovation through the rise in environmental costs, thus causing a constriction in R&D costs for heavy polluters. This study draws on Dai et al. (2021). According to signaling theory, if an enterprise increases its own environmental investment, as a profit-maximizing whole, it will certainly announce this information to its stakeholders and the public, and thus be able to show that it has assumed its responsibility for environmental management. Therefore, the measure of environmental costs for heavily polluting enterprises—the higher the score, the better the environmental responsibility of the enterprise. Nineteen subdivisional indicators were selected to measure the enterprise’s environmental score; for each environmental responsibility fulfilled by an enterprise, 1 point was awarded, and for each environmental violation, 1 point was subtracted. According to Table 6 (Model 8), the regression results indicate that the 13th Five-Year Plan for Energy Saving and Emission Reduction has a negative impact on the scores of heavily polluting enterprises, which may be due to the fact that since the implementation of the policy, the government has strengthened its environmental supervision efforts so that environmental violations have become standardized and environmental scores have become lower in enterprises. When a firm’s environmental score becomes low, as environmental penalties have a special deterrent effect on the environmental governance of the target firm (Chen et al., 2021), they will bring market risk to the company and raise its debt financing cost (Xu and Qi, 2020), so the firm will choose to invest more money in environmental governance to improve its environmental score, while R&D investment will be restricted and negatively affect innovation. This explains how the 13th Five-Year Plan for Energy Saving and Emission Reduction leads to a decrease in innovation capacity through an increase in environmental costs for ecofriendly firms. The breakdown of the environmental scores is shown in Table 7.
TABLE 6 | Mechanism test regression table.
[image: Table 6]TABLE 7 | Environmental rating scale.
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6.1 Conclusions and Recommendations
As a national policy to cope with rapid economic growth and damage to resources and the environment, the 13th Five-Year Plan aims to alleviate the contradiction between economic development and environmental issues, achieve ecologically sustainable development, and focus on the balance between social and environmental benefits. With rapid economic development, pollutant emissions in China have become increasingly prominent. The 13th Five-Year Plan, a comprehensive work program for energy conservation and emission reduction introduced in 2017, sets comprehensive emission reduction targets: it stipulates that by 2020, the national energy consumption of 10,000 yuan of GDP will drop by 15% compared to 2015, with policy emphasis on optimizing industrial and energy structures, strengthening energy conservation in key areas, optimizing the industrial and energy structure, and reinforcing the reduction of major pollutants, as well as a series of mandatory emission reduction programs. Therefore, in response to the call for sustainable development, this study explores the impact of the 13th Five-Year Plan for Energy Saving and Emission Reduction on the green innovation of heavily polluting enterprises and explores the impact mechanisms involved. The research found that the policy had a negative impact on green innovation in heavily polluting enterprises through the effect of increased environmental costs because, after the implementation of the command-based emission reduction policy, companies were under pressure to pay extra costs for environmental protection. The increase in environmental costs had a crowding-out effect on R&D investment, and firms increased their operating costs and reduced the effectiveness of innovation significantly. Further research found that the negative impact of the Energy Saving and Emission Reduction policy on innovation was more pronounced among state-owned enterprises and heavily polluting enterprises, which could reasonably be explained by the fact that the implementation of national policies is more stringent on SOEs; subsequently, they may need to invest more in environmental management than non-state-owned enterprises in order to achieve the expected results of the policies, and innovation will be significantly reduced. The effect of national policies is clearly industry heterogeneous; the more polluting the industry, the more environmental costs it must invest in meeting policy needs than low polluters. Therefore, heavily polluting firms are squeezed more severely in terms of R&D investment than non-heavy polluters.
Based on these findings, the following policy insights emerge from this study: First, the state should consider the heterogeneity of industry and property rights before formulating and implementing policies. For example, command-based environmental regulation policies are more stringent for heavily polluting industries and state-owned enterprises, and policy pressures cause results that are contrary to the intended goals; therefore, the government should be flexible in formulating and improving environmental policies. Policy implementation needs to focus on the impact channels of innovation for sustainable development. This study concludes that policy implementation has a negative impact on a firm’s innovation by raising environmental costs, and that the adverse effects of policy can be mitigated by addressing the channels, such as moderate emissions levies and reasonable R&D subsidies, to promote green innovation. For pollution-intensive industries, which are mainly resource consuming and labor intensive, the government can help alleviate the pressure of environmental costs brought about by the policy by moderately reducing the levy of sewage charges, further increasing the intensity of subsidies, lowering the threshold of green credit financing for enterprises, or implementing preferential tax policies. This would raise the awareness of green independent research and development, and better promote environmental costs. Second, the implementation of environmental regulation policies requires the integration of the advantages of various types of ecofriendly rules to form a strong and effective “combination blow” and to promote the coordination of different environmental guidelines. On the contrary, it is necessary to combine policy with the market economy, divide regions with different policy-carrying capacities according to the market economy, coordinate regional division of labor and cooperation, promote the adjustment of industrial structure in each region based on development advantages; and concurrently improve the regional environmental regulation and trading mechanism, build a price system that reflects market supply and demand, the degree of scarce resources and the cost of resources and environment, and optimize regional environmental allocation by market means. Third, it is a long-term process of obtaining positive feedback on the implementation of environmental regulations. In this process, the government can strengthen the propaganda of innovation, continuously guide enterprises to form a green development model, encourage them to innovate in environmental protection, stimulate their endogenous motivation to protect the environment, increase their motivation to increase environmental cost investment, and achieve a positive cycle, so that economic development and environmental protection can work together. Enterprises should also have a certain sense of innovation, and in the face of a green economy, it is important to know that green innovation is the goal of long-term development, and that they need to uphold the concept of innovation and actively implement industrial transformation.
6.2 Limitations and Future Research Directions
This study had certain limitations. First, the year of policy implementation is 2017, and owing to the problem of data disclosure, the experimental group had a short research year, which made it difficult to prove the long-term effect of policy implementation. Second, the incomplete disclosure of green patent information of some non-heavily polluting enterprises caused the absence of part of the sample and reduced the sample size. Third, the environmental cost data of different enterprises involved distinct detailed accounts, and some companies did not disclose specific items, which was not conducive to data statistics.
Environmental problems brought about by economic development have always existed, and the reliance on environmental regulation to alleviate environmental pressures is in line with China’s socialist national conditions. Based on the research ideas in this study, the following directions can be improved. First, the channels through which policy affects green innovation should be integrated and categorized. There are many different channels through which policy can influence green innovation in enterprises, and a single analysis of one or several channels cannot determine the channels through which policy has an impact on green innovation. Therefore, in future research, the channels of influence can be integrated and classified, with each category including systematic and complete secondary indicators, which can improve the accuracy of the channels through which policy influences innovation. Second, the green innovation framework should be unified. Green innovation is a broad concept, including technical innovations such as products, technologies, and processes, and non-technical innovations such as management and services; and from the perspective of the supply chain, green innovation also includes the construction of green supply chain networks. The diversity of content leaves green innovation without a clear definition and relies solely on indicators to measure it. Future research can clarify the concept of green innovation and establish a unified framework for integrating the hierarchy of innovation processes, which can significantly reduce the degree of bias in research related to green innovation. Third, it is important to distinguish the differences in the Energy Saving and Emission Reduction policy. Based on China’s current political system and ecological context, the government has continued to introduce environmental regulations to reduce emissions and alleviate environmental pressures, but the various content of environmental policies contradicts each other, and the boundaries are blurred. The next Five-Year Plan will also introduce energy conservation and emission reduction policies. Therefore, when studying the effects of these policies, it is important to clarify their specific content and to distinguish between energy conservation and emission reduction policies and other environmental regulations so as to avoid inaccurate findings due to the influence of the latter.
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Sustainable green economy is the need of time, and eco-friendly products can play a decisive role in this goal. Low consumption of eco-friendly products is a serious concern of researchers and policymakers. To address this issue, we have studied the phenomenon in a developing country and provided insights to researchers and policymakers about the factors that influence the consumers’ behaviour in developing behaviour. We have designed an integrated model based on UTAUT to study the developing countries’ behavioural intentions towards eco-friendly products. 805 useable sample is obtained to analyze by implying SEM-ANN dual-stage hybrid model. Results revealed that environmental knowledge is a significant predictor and a moderator, but consumers are less educated about ecological issues in developing countries. Results also revealed that male and female consumers’ preferences are differently influenced by factors studied to measure adoption intentions of eco-friendly products. Sensitivity analysis results revealed that social influence followed by effort expectance and perceived expectancy of eco-friendly products are more important for developing countries’ customers. The study also provides empirical evidence of methodological advancement using SEM-ANN and suggests a dual-stage hybrid model in studies involving human behaviour.
Keywords: eco-friendly products, developing countries, environmental knowledge, green economy, gender influence, SEM-ANN
INTRODUCTION
A resource-efficient, low-carbon, and socially inclusive economy are the defining characteristics of a green economy. In a green economy, employment and income growth are driven by private and public investment into infrastructure, economic activities, and assets that allow for reduced pollution, carbon emissions, resource efficiency and increased energy, and preventative measures of the loss of ecosystem services and biodiversity. These environmentally conscious investments need to be made possible and supported by means of policy reforms, directed public spending, and changes in taxes and regulations. Since the United Nations Conference on Environment and Development (UNCED) in 1992, the primary objective of the global community has been to work toward the achievement of sustainable development.
The world’s natural resources are inextricably tied to human communities, and human societies are reliant on these natural resources. Because of the threat that climate change poses to the future of contemporary societies, planetary boundaries have been crossed, and resource stocks are getting dangerously close to depletion. As a result, societal change on all levels is required, including, but not limited to, changes in individual consumption (Steffen et al., 2018). While a significant number of Europeans are concerned about the effects of climate change (Ballew et al., 2019) and believe it is necessary to safeguard the environment, behaviour change has not followed the pace (Landry, Gifford, Milfont, Weeks, & Arnocky, 2018). As a result, it is essential to get an understanding of how individuals might be assisted in successfully altering their decisions and behaviours (Clayton et al., 2015).
Developing countries comprise the majority of the world population, and a dream of a sustainable healthy green economy and protecting the ecosystem can not be achieved until and unless the major chunk of the population does not respond responsibly.
Recent studies have studied the elements that influence the purchasing of environmentally friendly goods under the attitude-behaviour-context (ABC) theory and the moderating impact of applications of information and communication technology (ICT) innovation (Chen et al., 2021). Still, they ignore the factors such as environmental knowledge, social influence, effort expectancy, cost value and facilitating conditions. Especially the moderating role of environmental knowledge proved a significant factor and has the potential to moderate the relationship of different predictors on eco-friendly products adoption. Another study was conducted in Germany to study behavioural intention to use eco-friendly packaging (Koch, Frommeyer, & Schewe, 2022). It also ignored measuring the mentioned factors’ influence on consumers’ behaviour toward eco-friendly products. In addition, this study has been carried out in a developed country, and the behavioural influence of developing countries’ consumers is different from those of developed. Another study in Italy measured the non-green and green adult consumer purchase behaviour. Researchers measured the factors such as self-identity, environmental consequences, perceived personal inconvenience of purchasing, and moral obligations (Barbarossa & De Pelsmacker, 2016). A recent study in Vietnam measured the consumer’s concerns and ethical behaviour toward plastic products (Chi, 2022) but ignored eco-friendly products. The same is the case with Eco-friendly mask preferences in Indonesia (Hartanto & Triastianti, 2022) and consumer preference for buying cheaper versus eco-friendly cars (Armenio, Bergantino, Intini, & Morone, 2022). Apart from this, non of the studies has exclusively measured the behavioural intention of male and female consumers to provide a gender-specific solution to the low sale of eco-friendly products and encourage both segments of society to consume eco-friendly products.
Eco-friendly product manufacturing and its use can significantly affect a sustainable green economy. High CO2 emissions through different resources, such as excessive crude oil consumption (Mustafa, Zhang, & Li, 2021) and plastic products or other environmentally unfriendly materials, cause damage to the ecological system (Rackow, 2020). Turning consumers’ behaviour toward the use of eco-friendly products is a challenge. If people are successfully motivated to buy and use eco-friendly products, the dream of a sustainable green economy can be achieved. To fill the above-mentioned research gap, we have proposed the dollowing research question that will help us understand the developing countries concumer behaviour towards eco-friendly products and rank the factors according to their importance.
RQ1: What factors influence the behavioural intentions of developing countries’ consumers to use eco-friendly products?
RQ2: Do behavioural intentions of developing countries’ consumers towards eco-friendly products fluctuate with gender?
RQ3: What are the most significant factors (importance-wise) for developing countries’ consumers’ behavioural intentions to use eco-friendly products?
Based on the UTAUT, we have designed an integrated model to answer the above research questions and collected data from developing country consumers. We have used SEM-ANN two-step hybrid model to capture linear and non-linear interaction between variables and rank the factors according to their normalized importance. Results revealed that Environmental knowledge, cost, social influence, effort expectancy, perceived performance, and facilitating conditions affect consumers’ behavioural intentions toward eco-friendly products. But these factors are not equally influenced when we compare both genders—environmental knowledge moderates the relationship between social influence, performance expectancy and behavioural intention. Lastly, sensitivity analysis revealed that social influence is the most important factor for consumers in developing countries, followed by effort expectancy and performance expectancy.
THEORETICAL BACKGROUND
Unified Theory of Acceptance and Use of Technology
UTAUT was presented in 2003 to understand the consumers’ behaviour towards adopting innovations and new technologies (Venkatesh, Morris, Davis, & Davis, 2003). The acronym UTAUT stands for the social, economic, and psychological elements that influence customers’ choices about acquiring and using a new product. In order to have a better understanding of how consumers purchase eco-friendly products in developing countries, we have selected these characteristics from UTAUT. In the past, researchers have used this theory in various contexts, such as buying smartwatches (Mustafa et al., 2022a) 5G technology (Mustafa et al., 2022b) etc. Based on UTAUT, we have developed a model and integrated environmental knowledge to study the developing countries’ users’ behavioural intentions towards eco-friendly products. A conceptual framework is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Conceptual framework.
Literature Review and Hypothesis Development
Cost Value
When it comes to making purchasing choices, consumers are often swayed by a variety of economic considerations. It is a well-known fact that consumers’ decisions to buy or pass on things are heavily influenced by their current levels of wealth (Mustafa et al., 2022c; Mustafa et al., 2022d).
Recent studies have shown that the price of a product has a significant impact on the likelihood that a customer will purchase a new product (Mustafa et al., 2022a). According to (Venkatesh et al., 2003), the term “cost value” refers to the perceived benefit of a product less the associated expenses of purchasing those goods. According to (Mustafa et al., 2021), one component of cost value is “the lowest feasible expenditures and the highest potential return on investment.” Similarly, according to the fair choice theorem, pricing value will always find a way to strike a balance between a company’s operating expenses and the profits it generates (Boudon, 2008). On the other hand, researchers have also revealed that price value is not a significant predictor of mHealth adoption (Alam, Alam, Rahman, & Taghizadeh, 2021). With this literature, we concluded that the cost of eco-friendly products would affect the adoption behavior of consumers in developing countries; hence we hypothesize that
H1: The cost of eco-friendly products will influence the consumers’ behavioural intentions in developing countries.
Social Influence
Several theories of technology acquisition consider social factors to be important drivers of technology adoption. Social influence is consistently ranked as the most significant social component in models of how people embrace new technologies (Mustafa et al., 2022e). According to (Venkatesh et al., 2003), one definition of “social influence” is when an individual considers the views of others to be significant enough to purchase the product as a result of that influence. It is common practice to refer to other people’s effect on a person’s decision-making processes as “social influence” (Mustafa et al., 2022b; Mustafa et al., 2022c). Consumers’ purchasing decisions are heavily influenced by personal perspectives and their effects on society. According to the findings of research that investigated how customers make use of services connected to technology, social influence has a substantial effect on consumers’ purchasing and use patterns (Mustafa et al., 2022d). With this literature, we hypothesize that
H2: Social influence will influence the developing countries’ consumers’ behavioural intentions toward eco-friendly products.
Environmental Knowledge
To have knowledge of the environment requires not just awareness of environmental problems and their effects but also acknowledgement and a sense of communal responsibility (Mustafa et al., 2022a). People who have more information about a topic and can respond to it in a more constructive manner are more engaged than those who have less information. Environmental intelligence may modify consumers’ perceptions of their surroundings, which can change consumers’ intentions towards their conduct. Additionally, it has been shown in a number of different pieces of study that consumers’ environmental awareness and preferences impact their purchasing choices (Sohail et al., 2022a; Mustafa et al., 2022b). Researchers have also found that environmental knowledge positively influences environmental risk perception, environmental concerns, and sustainable consumption (Saari, Damberg, Frömbling, & Ringle, 2021). With this literature, we have a hypothesis that
H3: Environmental knowledge positively influences developing countries’ consumers’ behavioral intention toward the use of eco-friendly products.
Performance Expectancy
The term “performance expectation” refers to the value customers anticipate receiving from a product or service, such as mobile internet technology, while they go about their everyday lives (Venkatesh et al., 2003). The way performance is perceived might serve as a reliable indication of future motivation to use new technologies or items. Research on mobile apps often makes use of the concept of performance expectation to understand behavioural and functional intents. (Mustafa et al., 2022c). conducted a research in which they came to the conclusion that the perceived performance of mobile phone services was a major predictor of future happiness and usage. According to researchers’ findings (Mustafa et al., 2021), performance expectations are a crucial driving force behind the adoption of electronic vehicles. The expected level of performance is a crucial variable in the use of smartwatches (Mustafa et al., 2022d). With this, we believe that the performance expectancy of eco-friendly products will influence consumers to adopt and use them in the future in developing countries, which will help achieve a sustainable green economy. With this, we hypothesis.
H4: Performance expectancy of eco-friendly products will influence consumers’ behavioural intention in developing countries.
Effort Expectancy
The term “effort expectation” (EE) refers to how straightforward a system or new product is to operate (Venkatesh et al., 2003). According to researchers’ findings, EE is an essential component in the purchase of any technological product. This is due to the fact that customers are more likely to purchase an easy-to-use product as opposed to one that is difficult to master (Mustafa et al., 2021; Mustafa et al., 2022a).
According to (Mustafa et al., 2022b), people are more responsive to new technology when it can be obtained easily and used in a straightforward manner. The same results that were disclosed in the purchase decision of electric cars were published, and they demonstrated that consumers desire to buy them provided they are simple to use and run (Mustafa et al., 2021). Conclusively, consumers have different perceptions towards new products, especially those with advanced features to help recover the environment. Less-educated consumers often consider them hard to use and initially hesitate in their adoption (Mustafa et al., 2021). We believe that EE will influence consumers in their decision to buy and use eco-friendly products. Hence we hypothesize that
H5: Effort expectance of eco-friendly products will influence developing countries’ consumers’ behavioural intentions toward eco-friendly product use.
Facilitating Conditions (SI)
The phrase “facilitating conditions” (FC) is a word that is used to refer to the instruments and resources that are employed to make use of technological advancement or new products (Venkatesh et al., 2003; Mustafa et al., 2022c). According to the findings of a number of researchers, facilitating conditions are positively associated with the purchasing decision of consumers for technically advanced and innovative products such as mobile internet (Mustafa et al., 2022d), solar panels (Ahmar, Ali, Jiang, Wang, & Iqbal, 2022), purchase of electronic vehicles (Mustafa et al., 2021), and so on. As was the case in this research, eco-friendly products are normally equipped with advanced technology that serves as a medium to save the environment or is made up of reusable organic material. Hence we believe that facilitating conditions and associated knowledge will influence consumers’ behavioural intentions towards eco-friendly knowledge; based on this, we hypothesize,
H6: Facilitating conditions for eco-friendly products will influence developing countries’ consumers’ behavioural intentions toward using eco-friendly products.
Gender Difference in Consumers’ Psyche
Researchers found that males had an emotional connection to the styles they experienced in their infancy, although women do not; this means that their preferences for trendy items reached their pinnacle when they were younger (Schindler & Holbrook, 2003). In a different piece of research, the researchers found that women are more likely than males to change their future purchase behaviours as a result of receiving promotional presents. Consequently, women are more likely to be motivated to reciprocate since they gain a greater value from the transactional aspect of a promotional purchase than males (Kovacheva, Nikolova, & Lamberton, 2021). A recent study found that consumers of the male gender tend to place a higher priority on quality, in contrast to females, who are more likely to be affected by social factors while making purchases. Compared to their male counterparts, females have a greater awareness of prices (Mustafa et al., 2022a). According to the findings of this body of research, gender does have a role in customers’ decision-making process. Based on this, we have decided to analyze the gender-specific paths in our study so that a clear picture can be presented.
Moderation Effect of Environment Knowledge
Environmental knowledge is a factor that can make a difference in the consumer’s choice of eco-friendly products and can help achieve a sustainable green economy. A broad understanding of facts, ideas, and connections relating to the natural environment and its primary ecosystem is what is meant when someone says they have “environmental knowledge.” Researchers have recently discovered that environmental knowledge strengthens the relationship between green human resource management and pro-environmental behaviors (Sohail et al., 2022b; Farrukh, Ansari, Raza, Wu, & Wang, 2022). Researchers believe that people who have a better awareness and knowledge of environmental-related issues are more likely to pick eco-friendly products and technologies (Mustafa et al., 2022b) same is found in the case of electronic vehicles (Mustafa et al., 2021). Another study on the green apparel buying behaviour revealed that environmental knowledge moderates the relationship between consumer pessimism, optimism, environmental orientation and Green apparel buying behavior (Sadiq, Bharti, Adil, & Singh, 2021). Therefore, people who have a strong understanding of environmental issues are more inclined to choose green items, which have a less detrimental effect on the environment. Individuals have a wide range of environmental awareness and comprehension; hence, it is essential to explore the border condition established by the amount of knowledge between the PE, CV, EE FC, SI and the BI. With this discussion we proposed the following,
H7: Environmental knowledge will moderate the relationship between cost value (a), social influence (b), performance expectancy (c), effort expectancy (d), facilitating conditions (e), and Behavioural intention to use eco-friendly products in developing countries.
METHODOLOGY
Research Context
Developing countries are struggling to play their role in achieving the UN Environment-led Green Economy goal. As classified by the International monetary fund, developing counties contain 85% of the world population (Worlddata, 2021). To test our proposed model, we have selected Pakistan, one of the developing countries that took the initiative to plant a billion trees to achieve a sustainable green economy. A country with 220 million people committed to playing their role towards a green economy and sustainable environment-friendly atmosphere. Around 60% of the population in the country is below the age of 50 and has the potential to play its role in achieving the sustainable goal of a green economy. The billion tree initiative, population share in the world as the 5th populous country and population age segregation are some of the reasons to select Pakistan to study the intentions of individuals towards buying eco-friendly products for the sustainable growth of the green economy.
Questionnaire Design and Data Collection
We made use of a tool that has been shown to be effective in the past. Each measuring item’s setup and properties are described in detail in the accompanying material. We don’t do much tinkering with the original concepts for our study structures to improve their performance. There were three academics who are experts in the subject who helped us with the instrument’s design. A pilot study was then done to see how long respondents spent filling out a questionnaire and what they had to say. A group of thirty graduate students (both master’s and bachelor’s) was chosen for a pilot study. During the pilot project, we spoke with academic experts to further understand consumers’ behavior and incorporate their suggestions. Although the pilot project’s findings were positive, the pilot participants were not included in the final sample.
We opted to conduct the poll online because of the possibility of human error and manual data entry. Our target audience’s cross-sectional dataset/response has been collected using a seven-point Likert scale. With a “strongly disagree” rating of 1 and a “strongly agree” rating of 7 (Supplementary Table S1). Because of its precision and ease of administration, the 7-point Likert scale is preferred by scientists over higher-order alternative measures (Finstad, 2010). We’ve split the population into five areas based on factors like literacy, population density, and other infrastructure (Karachi, Islamabad/Rawalpindi, Lahore, Faisalabad, Peshawar). A systematic sampling approach was used to choose every twentieth customer who went to the supermarkets in these clusters. The administration of the survey and the gathering of replies were carried out with the assistance of Google forms. It was required that respondents submit their mobile phone numbers to prevent making duplicate attempts, for the sake of data cleansing, and to gather follow-up replies. The poll was conducted over the course of 2 weeks, from the second to the third week of February 2022. Eleven hundred questionnaires were distributed among five clusters, with each cluster receiving a total of 220 survey questionnaires. We received a total of 805 valid replies, which corresponds to a response rate of 73.18 percent overall. In order to carry out statistical analysis, the sample size is much more than the minimum need of 10 times for each construct component (Hair, Howard, & Nitzl, 2020).
Demographics of Respondents
We have compiled the respondent’s age, education level, gender, residence status, employment, and other relevant information to have a more comprehensive understanding of our research sample and its features. Table 1 has a detailed presentation of the demographic information on our whole sample size (805).
TABLE 1 | Demographics Profile of sample.
[image: Table 1]Common Method Bias
A common method bias (CMB) is possible if the same response approach is used to assess both the explained and exploratory variables. Common methodological bias has the potential to undermine the validity of an investigation. Previous academics have suggested a number of operational and statistical safeguards to protect against the CMB (Podsakoff, MacKenzie, & Podsakoff, 2012; Mustafa & Wen, 2022). We have explained the goal of the research as well as how the collected data will be used for all of the participants. Before responding to the questionnaire, every respondent was provided with a comprehensive explanation. During the process of preparing the questionnaire, we also considered linguistic and academic specialists, which allows us to make the questions straightforward for the respondents to comprehend. Before providing the respondents with a questionnaire, we first clarified to them that there are no hard and fast rules to follow when selecting the appropriate response. It is necessary for respondents to offer their responses and perspectives. We made it quite clear that there would be no consideration of right or wrong. We carried out the suggested Harman’s single-factor analysis in the analysis section. The findings indicated that the single factor accounts for just 31.858 percent of the total variance, which is a significant amount lower than the recommended threshold value of 50 percent (Podsakoff et al., 2012; Zhongjun, Shah, Ahmad, & Mustafa, 2022). As a result, the CMB does not pose a significant risk in our investigation.
PLS-SEM
We picked PLS-SEM because it is the most often recommended technique for circumstances in which the research is focused on predicting and assessing dependent variables to account for the maximum amount of variance. The PLS-SEM approach is the most effective prediction-oriented strategy (Roldán & Sánchez-Franco, 2012). In addition, it is capable of processing both the measurement and structural models (inside and out) at the same time. Aside from that, it is capable of analyzing complex path models (Hair Jr, Hult, Ringle, & Sarstedt, 2016). A smaller sample size may be used with PLS-SEM while still obtaining higher-quality results.
Recently researchers revealed that the growth of the PLS-SEM technique might be explained by its prospective benefits in management science (Awan et al., 2021; Mustafa et al., 2022a; Mustafa et al., 2022c; Mustafa et al., 2022d). Consequently, it seems that PLS-SEM is the best approach for this study. Two stages of the PLS path modelling approach are evaluated to ensure that the measurements of the constructs are correct and reliable. The first stage evaluates measurement model reliability and validity; the second stage evaluates structural model validity to define an inner model or link between latent constructs (Hair et al., 2016; Hair et al., 2020). However, since the model considers non-linear interactions, it is advantageous to carry out an analysis divided into two phases.
Multivariate Assumptions
Before doing a multivariate analysis, researchers assert that certain multivariate assumptions must first be validated. These assumptions include linearity, homoscedasticity, and multicollinearity (Gul et al., 2021; Jamil et al., 2021; Jamil et al., 2022a). Data were tested to see whether it followed a normal distribution using the Kolmogorov-Smirnov (K-S) test; however, the results suggest that the data do not (Hew, Leong, Tan, Ooi, & Lee, 2019). Supplementary Figure S1 demonstrates both linear and non-linear interactions between explained and exploratory variables. Finally, the variance inflation factor (VIF) scores were assessed to see whether the model had collinearity problems. This study shows that the VIF values for all variables are less than 5 (Table 2). (Hair et al., 2016) state that VIF values less than 5 imply no collinearity issues with the dataset. The additional material contains indicator loadings and cross-loadings.
TABLE 2 | Reliability and validity analysis.
[image: Table 2]Measurement Model
Measurement models should be evaluated using indicators and constructs’ convergent and discriminant validity (Hair et al., 2016). Using Cronbach’s Alpha (α) and indicator loading, we were able to determine the reliability of the instrument. Testing of the indicators of the constructs was conducted to see whether or not they provide an appropriate evaluation of the study variables. The average variance extracted (AVE) and composite reliability (CR) is used to express how much variance in indicators was compensated for by the latent construct, respectively. The factor loadings on the corresponding structures are used for each item to assess the reliability (Table 2; Figure 2) (Supplementary Table S2). The item reliability is shown in Table 2. A component’s factor loading must be greater than or equal to 0.6 in order to be considered significant and included in the model (Hair et al., 2016). For further assurance, Cronbach’s Alpha for all constructions is more than or extremely close to the acceptable cutoff of 0.7 is recommended, so is in our dataset (Werts, Linn, & Jöreskog, 1974).
[image: Figure 2]FIGURE 2 | Measurement model.
It was also determined if the constructs’ composite reliability (CR) was enough for gauging the constructs’ reliability instead of only using Cronbach’s alpha alone (Werts et al., 1974). Because the composite reliability values of constructs are all more than 0.7, this further enhances their validity. As can be seen from Table 2, the average variance extracted (AVE) convergent validity estimations were all more than or equal to 0.50 (Hair et al., 2016; Hair et al., 2020; Jamil et al., 2022b). These results ensure that the dataset is adequate to perform further analysis.
In addition, the Fornell-Larcker criteria and heterotrait-monotrait (HTMT) ratios are incorporated to assess the proposed model’s discriminant validity (Hair et al., 2020). Fornell-Larcker criteria show that discriminant validity is validated, as seen in Table 3, where the highest value of the association of measures is maximal in each column (Fornell & Larcker, 1981). The technique (HTMT ratio) suggested by (Henseler, Ringle, & Sarstedt, 2015) is a new approach to assessing discriminant validity. They contended that the Fornell-Larcker criteria could not distinguish between the presence and lack of discriminant validity despite its efficiency in assessing discriminant validity. As a consequence of this, the HTMT was used to establish the discriminant validity. Table 4 displays the HTMT values for the factors considered throughout this research. In order to satisfy the requirements, the HTMT values of all the variables must be lower than 0.90. (Henseler et al., 2015). As can be seen in Table 4, the HTMT values for all measures fall below the threshold of 0.90, which indicates that the discriminant validity of the variables is established.
TABLE 3 | Discriminant validity Fornell-Larcker criteria.
[image: Table 3]TABLE 4 | HTMT ratio.
[image: Table 4]Structural Model Assessment
The PLS-SEM evaluation method is broken down into many steps, the second of which is the examination of the structural model. In order to evaluate the structural path model, it is necessary to evaluate the multicollinearity of the data, as well as the predictive relevance of the model, the empirical significance of the path coefficients, and the level of confidence. In addition, it is necessary to evaluate the degree to which the structural path model can be trusted. In this study, guidelines explained by (Hair et al., 2016) were employed with the aim of assessing the structural model and interpreting the results.
We have run a model to analyze the direct effects of factors on BI. Hence the PLS-SEM path analysis results (Figure 3) revealed that R2 = 0.634 (Q2 = 0.507). Our model explains 63.4 percent of the variation in BI is driven by the independent factors (Table 5). Q2 is used to determine whether or not a model has predictive relevance and serves as a measurement for predictive relevance. According to the values of Q2 generated by our model, the predictive importance of the endogenous components has been demonstrated.
[image: Figure 3]FIGURE 3 | PLS-SEM Path model.
TABLE 5 | Path analysis (PLS-SEM).
[image: Table 5]In order to analyze the previously stated hypothesis, we first looked at the direct relationships between the different variables, and then we used a bootstrapping test with 5,000 repetitions to see how well the results compared to the original hypothesis (Mustafa et al., 2021; Mustafa et al., 2022b). PLS-SEM direct path analysis revealed that CV (β = −0.182; p < 0.001), EE (β = 0.202; p < 0.001), EK (β = 0.076; p < 0.001), FC (β = 0.083; p < 0.001), PE (β = 0.15; p < 0.001), and SI (β = 0.466; p < 0.001) for BI has statistically significant values of beta (β) (Table 5). These results confirm the proposed H1 to H6. We have also tested the control variables’ education level and age, but these have no significant effect on consumers’ behavior.
In addition, we used PLS-MGA in order to access the group-specific effects for both genders, and we provided the bootstrapped results separately for men and females. In order to guarantee that this model has the same architecture as model 1 (Table 5), we have utilized the bootstrapping technique with 5,000 resamplings.
Although the proposed hypothesis significantly influences model 1 for the overall sample, we have found some unique results in PLS-MGA. Results revealed that EK (β = 0.052; p = 0.2) has no influence on BI for the Female sample, and FC (β = 0.068; p = 0.113) has no influence for the male sample. At the same time, the rest of the hypothesis held for both genders (Table 6).
TABLE 6 | Bootstrapping results for PLS-MGA.
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(Hair et al., 2016) proposed the product indicator approach, which we used to illustrate the moderating effect of environmental knowledge on the direct link between CV, FC, PE, EE, and SI on BI using the product indicator method. We hoped that higher knowledge of the environment would strengthen the BI of consumers’ to choose environmentally friendly items and the other way around. Moderation analysis results are presented in Table 7. Results revealed that Environmental knowledge only moderate two relationships in our study, i.e., EK- > SI- > BI (β = -0.125, t = 5.552, p < 0.001) and EK- > PE- > BI (β = -0.076, t = 3.334, p < 0.001). It confirms the proposed hypotheses H7b and H7c, whereas the results reject the H7a,d,e. Higher knowledge of environmental issues will weaken the strength of social influence and performance expectancy on BI. Figure 4 and Figure 5 present the slope plot for environmental knowledge’s moderation effect on SI, PE relation with BI.
TABLE 7 | Moderation analysis for EK.
[image: Table 7][image: Figure 4]FIGURE 4 | Moderation effect (Slope) of Environmental Knowledge on SI- > BI.
[image: Figure 5]FIGURE 5 | Moderation effect (Slope) of Environmental Knowledge on PE- > BI.
Results revealed weak significant moderation, and surprisingly higher environmental knowledge negatively moderates the relationship, as mentioned in Table 7. So in the case of developing countries higher amount of environmental knowledge is weakening their intentions to use eco-friendly products.
Artificial Neural Network
An artificial neural network, also known as an ANN, is a tool for non-linear statistical data simulation that may be trained several times to improve the performance of the model (Mustafa et al., 2021). The prediction of outcomes and the classification of data are two applications of ANN. The ANN model performs better than other multivariate models when it comes to prediction; nevertheless, the inclusion of “BLACBOX” is not appropriate for testing hypotheses (Hew et al., 2019; Mustafa et al., 2021; Mustafa et al., 2022c). ANN does not require any multivariate assumptions and works perfectly with a low dataset. Hence, researchers believe it can be integrated with SEM to obtain better and more consistent results (Alam et al., 2021; Mustafa et al., 2021). This is especially true if the multivariate assumptions are violated or the sample size is small, as ANN does not require any multivariate assumptions. Due to the fact that the dataset contains some non-linear interaction, as stated in the supplemental material, it is more suitable for the two-stage analysis. On the other hand, in response to RQ3, in which we wish to rank the predictors as per their normalized significance, we have used ANN in the second stage of the study.
Following the lead of early researchers (Alam et al., 2021; Mustafa et al., 2021), we have built an artificial neural network (ANN) model for BI. The sigmoid was chosen as the activation function, and there are two hidden layers of neurons (Figure 6). In order to avoid the model from being over-fit to the data, a technique known as 10-fold cross-validation was used. Ninety percent of the data was utilized for training, while only ten percent was utilized for testing (Table 8).
[image: Figure 6]FIGURE 6 | ANN model for BI.
TABLE 8 | ANN RMSE values for training and testing.
[image: Table 8]Table 8 presents the root mean square of errors (RMSE). RMSE represents the model predictive power (Hew et al., 2019; Mustafa et al., 2021). In our model, RMSE values for training (Mean = 0.096; STD = 0.006) and testing (Mean = 0.088; STD = 0.009) represent the high predictive power of the constructed ANN model for BI.
In addition, in order to assess the efficacy of the ANN models, we developed a goodness-of-fit coefficient on the basis of a certain approach. This coefficient is comparable to the R2 value discovered in the regression models (Figure 7).
[image: Figure 7]FIGURE 7 | Regression standard residuals for ANN model.
Sensitivity Analysis
An ANN model was used to conduct a sensitivity analysis, and the results of that study are shown in Table 9. The fact that the hidden layer of the ANN model had synaptic weights that were not equal to zero provided supporting evidence for the significance of the inputs. The output of the model is highly sensitive to changes in the values of the different inputs, which are then used to estimate the “relative importance” of each component. The model’s output is very sensitive to fluctuations in the value of the various inputs. With these discoveries, we were able to estimate the normalized importance of each variable by doing a ratio calculation in relation to the value that was discovered to be the greatest overall. This allowed us to decide which variables were most important.
TABLE 9 | Sensitivity analysis (ANN model for BI).
[image: Table 9]Based on the sensitivity analysis results, we concluded that Social influence has the highest relative normalized importance for our sample (100%), followed by Effort Expectancy (51.70%) and Performance expectancy (42.18%). We have also found that cost value (29.30%) and facilitating conditions (24.26%) are the least important factors for consumers to adopt eco-friendly products in developing countries.
DISCUSSION
This study aims to understand developing countries’ customers’ behavioural intentions towards the adoption and use of eco-friendly products that can lead to support the economic revival of developing countries and achieve the goal of a sustainable green economy. We have proposed an integrated model based on UTAUT and analyzed the collected dataset by applying the SEM-ANN hybrid two-stage approach.
Three research questions are presented to study the said role of eco-friendly products in developing countries. H1-H6 answers the RQ1, results presented in Table 6 answer RQ2, and sensitivity analysis results presented in Table 9 answer RQ3.
People from developing countries are concerned about the ecosystem and want to play their role in a sustainable green economy. Cost value plays a significant positive role in the adoption intentions of developing countries and supports H1. It means the consumer in developing countries are willing to pay an extra price if they compare the value and cost (health, money, environmental damage). It is consistent with the earlier results (Koch et al., 2022) but contradicts (Alam et al., 2021). H2, developing countries’ consumers are highly influenced by the social norms and give value to others’ opinions when it comes to using new products. The results indicate if someone from a close circle of friends or society is advising individuals, they listen to the opinion and are inclined toward the eco-friendly products. It is consistent with recent findings (Mustafa et al., 2022a; Mustafa et al., 2022b).
Environmental knowledge that has received less attention in the context of eco-friendly products in recent studies was found to be positively associated with behavioural intentions (H3), which means people from developing countries have some knowledge and as much as an individual has an environmental knowledge, as much as he/she is inclined to adopt eco-friendly products in routine life. The findings are close to the recent findings for 5 g adoption (Mustafa et al., 2022c). H4, performance expectancy of eco-friendly products is also a positive influence on behavioural intention, which means consumers perceive that their daily routine performance will boost if they use eco-friendly products. They will play their part as an individual toward a green economy by using eco-friendly products.
Effort expectancy positively influences behavioural intentions (H5), which means if the eco-friendly products are easy to use and simple in their structure to recycle, consumers will use them. It can play a significant role in a step towards a sustainable green economy. H6, facilitating conditions also play a positive role in adopting eco-friendly products, which means if a healthy infrastructure is introduced to people that support eco-friendly products, people will incline toward eco-friendly products.
In response to RQ2, PLS-MGA results revealed two surprising facts. 1) Environmental knowledge does not play any role in female consumers’ adoption of eco-friendly products, and they do not care about environmental issues. It can be because they have less knowledge about ecological issues. 2) Male consumers in developing countries do not influence by social influence, which is possible because males have to discuss less about ecological issues in their social circle or because they are self-initiative and value their own opinion rather than listening to others or the following society. They deviate from herd behaviour in eco-friendly product adoption. We can conclude that developing countries’ consumers’ decision psyche is different for different gender. It is consistent with a recently published study (Mustafa et al., 2022d).
Furthermore, to answer H7, we have run a moderation analysis, and the results revealed a small significant moderation of environmental knowledge. Surprisingly environmental knowledge negatively moderates the relationship between social influence, performance expectancy and BI to eco-friendly products. The possible reason for this negative moderation in developing countries is if an individual already has enough knowledge about environmental issues and ecological problems and knows its role as an individual entity in saving the ecological system and achieving a sustainable green economy, he might not value the social advise or perceived expectancy of eco-friendly products and keep doing whatever is in favour of collective good.
In response to RQ3, sensitivity analysis results were performed by constructing an ANN model for BI, and results revealed that developing countries’ consumers value social influence a lot, and it is followed by the Effort expectancy (second most important factor) and perceived expectancy (third most important). It means if eco-friendly products need to be promoted in developing countries and achieve a sustainable green economy in developing countries, policymakers and eco-friendly product producers must emphasise these factors.
Theoretical Contribution
The study contributes to the available literature substantially. It provides further explanations for studies conducted in developed countries (Barbarossa & De Pelsmacker, 2016; Armenio et al., 2022; Koch et al., 2022) and developing countries (Chi, 2022; Hartanto & Triastianti, 2022). We have tried to fill the research gap by illuminating the influential factors behind eco-friendly product use in developing countries. Firstly we have provided insight into the developing countries’ consumers and their behaviour towards the use of eco-friendly products. Secondly, we have provided evidence that gender factors influence the consumers’ preferences in developing countries, and both genders think about environment-related issues differently. Thirdly we have added in the existing literature that environmental knowledge is a factor that can play an important role in developing countries’ green economy goals. It is an influential factor and a potential mediator in the adoption of eco-friendly products. Lastly, we have provided the normalised importance of every influential factor behind adopting eco-friendly products in developing countries.
Furthermore, we have used a dual-stage SEM-ANN analysis, and the variance explained in the second stage (72%) results is considerably higher than SEM results (63%). It is a considerable methodological advancement. We recommend using the dual-stage SEM-ANN model in studies where the human psyche is involved or prediction of the outcome is required as ANN is more consistent in prediction.
Policy Implications
Based on the study’s findings, we have some recommendations for policymakers and economic advisors. Eco-friendly products can help revive developing countries’ economies and support achieving the goal of a sustainable green economy. People from developing countries have less knowledge about environmental-related issues. We suggest the governments of developing countries and other stakeholders in the global green economy goal and those working on the ecological system emphasise educating developing countries’ populations, especially the female section of the population. When people are aware of the consequences of not using eco-friendly products and their benefits, they will turn their priorities toward eco-friendly products. The public campaign in favour of eco-friendly and resource-efficient products can play a vital role in achieving the goal of a green economy. A better environmental friendly infrastructure needs to design and promoted in developing countries.
Furthermore, eco-friendly products are reusable/recyclable and can save world resources, especially in developing countries. It can support reviving the shattered and dwindling economies. Helpful in saving energy resources and in saving the ecological system. Educating people about resource-efficient and eco-friendly products and advertising the benefits of eco-friendly products can pave the path to a sustainable green economy.
Limitations and Future Work Directions
The study implies some limitations that can lead to future avenues for further research. Firstly, we have collected our sample from a single country, which can limit the generalizability of the study findings. Researchers are encouraged to conduct a cross-country analysis to validate the results further. Researchers can cross-compare developed countries and developing countries or within developing countries by differentiating the geographic boundaries, e.g., Asian and African countries. Secondly, we did not measure the income level in our sample. Income level can play a role in the process, and consumers’ priorities can fluctuate with income level. We suggest adding the effect of income level in future studies. Thirdly, we study the education level as a control variable; Future researchers can study the deep impact of education level, cross-compare the educated and illiterate community members, and provide policy recommendations to educate people about environmental issues and motivate them to use resource-efficient and eco-friendly products.
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As a measuring tool of industrial sustainable development, industrial eco-efficiency works as a link between economic benefit and environmental pressure. Industrial agglomeration and energy have always been considered an important influence factor on industrial eco-efficiency. The Chinese government is facing the challenge of reaching a Carbon Peak by the 2060s, within this context, it is critically important to explore the relationship between industrial agglomeration and industrial eco-efficiency, moreover, energy intensity may play a key role between them, which should not be ignored. Therefore, based on the STIRPAT model, this paper constructs a spatial autocorrelation model (SAC model) to analyze the provincial panel dataset from 2009 to 2018, and it is found that: First, the industrial agglomeration has an inverted N-shaped relationship with industrial eco-efficiency, and industrial eco-efficiency indeed have a positive spatial spillover effect. Second, energy intensity plays a mediating role, industrial agglomeration would affect industrial eco-efficiency through energy intensity. Therefore, it is suggested that the government should introduce differentiated industrial agglomeration policies as well as energy-saving policies. In addition, this paper suggests that policymakers should adhere to consistent industrial sustainable development policies.
Keywords: industrial agglomeration, energy intensity, industrial eco-efficiency, spatial autocorrelation, mediation effect
1 INTRODUCTION
China’s industry acts as a crucial driving force for China’s economic development (Popescu et al., 2016). In 2021, China’s GDP exceeded 114.36 trillion yuan, ranking second in the world. The industrial added value reached 45.09 trillion yuan, accounting for 39.4% of GDP, with a growth rate of 8.2% over the previous year (Statistical Bulletin on National Economic and Social Development, 2022).
However, if we look into energy consumption and industrial emissions in China since the reform and opening-up, it is found that the industrial economic growth caused serious environmental problems simultaneously. Energy consumption increased by 9 times, and industrial emissions increased by 15 times from 1978 to 2020 (World Bank Data, 2020), which inferred that the rapid development of industry has brought excessive energy consumption and industrial emissions (Liu et al., 2021). According to the Environmental Performance Index (EPI) report released by Yale University and Columbia University in 2018, China’s EPI score in 2020 was 37.3, ranking 120th out of 180 countries (2020 EPI Results, 2021), indicating that China’s environmental problems continue to worsen (Li et al., 2021b). On 22 September 2020, China committed at the 75th Session of the United Nations General Assembly: It will strive to reach its carbon emission peak by 2030 and realize carbon neutrality by the 2060s (Wang et al., 2021). This means that the Chinese government will face greater challenges in saving energy and reducing industrial emissions in the future (Lin and Zhu, 2019; Li et al., 2021b). Within this context, how to realize the sustainable development of China’s industry has been a topic worth investigating deeply (Cai and Hu, 2022; Li and Wang, 2022; Yang et al., 2022).
Sustainable industrial development is an abstract concept that needs to be evaluated. Industrial eco-efficiency (hereinafter referred to as IEE) works as an evaluating tool, linking both economic benefit and environmental performance (Wang et al., 2011). Additionally, IEE has a significant advantage in quantifying the level of sustainable development and in explaining micro and macroeconomic issues (UNESCAP, 2009).
Meanwhile, more scholars adopt spatial economics to explain economic problems recently. Because each region’s economic activity is not isolated but closely related, which infers there may be a spatial correlation. Therefore, this paper believes that it is necessary to study whether IEE is influenced by surrounding areas, and explore whether IEE has a spatial spillover effect, to provide some policy suggestions for the decision-makers.
Driven by the industrial policies of the Chinese government, industrial enterprises begin to agglomerate in the regions with locational advantages and carry out compact production activities to reduce costs. Industrial agglomeration gradually changes the industrial structure and spatial distribution, which would affect regional industrial output and industrial emissions (Li et al., 2021c). Marshall (1890) propose that industrial agglomeration originated from the externality of the economy, Coase, (1960) and Henderson, (2003) further explain the causes and modes of agglomeration. Theoretically, industrial agglomeration is considered to have two basic effects: economies of scale and the crowding effect (Moomaw, 1981; Beeson, 1987; Ciccone, 2002, Yang et al., 2021). On the one hand, due to factors such as economies of scale, learning theory, and labor pooling, industrial agglomeration can improve economic benefits and reduce environmental pressure. On the other hand, a large number of enterprises concentrated in a limited space may reduce economic benefits and increase environmental pressure, which is not conducive to IEE. It can be observed that the final influence of industrial agglomeration on IEE depends on which effect plays a dominant role, so there may be a complex relationship between IEE and agglomeration.
Meanwhile, China’s energy consumption has always been a prominent issue. In 2020, China’s GDP ranked second among G20 countries, but its energy consumption per unit of GDP ranked the third lowest, illustrating that China’s energy utilization problem is still very serious (International Energy Agency, 2020). Many scholars believe that industrial agglomeration will directly affect energy intensity (Shi and Shen, 2013; Liu et al., 2017; Cao et al., 2022; Zheng and Lin, 2018; Wang et al., 2020). First, economies of scale of industrial agglomeration will promote enterprises to achieve intensive energy use, and improve energy efficiency. Second, the crowding effect may also lead to excessive competition for limited energy resources, and the energy consumption of industrial clusters becomes higher than that of other areas.
In addition, energy intensity also plays a critical role in improving IEE. Reducing energy intensity is conducive to decreasing environmental pressure, so improving energy utilization efficiency has positive significance to IEE. Many studies argue that industrial agglomeration is directly related to energy intensity or energy efficiency (Lei et al., 2017; Li and Hong, 2017; Liu and Jin, 2019; Zhang and Wang, 2019; Yang et al., 2022). Therefore, the influence of industrial agglomeration on IEE may be realized by influencing energy intensity. IEE, industrial agglomeration, and energy intensity are all of great importance for the realization of carbon neutrality and carbon peak commitment of the Chinese government at the macro level, as well as for the improvement of people’s welfare and environmental quality at the micro-level, therefore the in-depth study of IEE has essential practical significance.
2 LITERATURE REVIEW
The impact of industrial agglomeration on IEE is the theme of this study, so we review the literature related to industrial agglomeration and environmental performance or eco-efficiency. Some researchers propose that industrial agglomeration will increase the level of environmental pollution and reduce IEE. Dong et al. (2020) believe that industrial agglomeration has a positive impact on pollution agglomeration at the provincial level, and this impact is stronger in the northern and eastern regions, but weaker in the western regions.
Hong et al. (2020) conclude that industrial agglomeration could decrease pollution. Li J. et al. (2021) reveal the link between high-tech industrial agglomeration and Green Total Factor Productivity (GTFP) and argue that industrial agglomeration is positively correlated with GTFP. Other academic researchers also verify that the impact of industrial agglomeration is not monotonous by adding quadratic and cubic terms into the model. Shao et al. (2019) believe that economic agglomeration had an N-shape relationship with carbon emissions, and Chen et al. (2020) deem that the relationship between agglomeration and IEE is U-shaped. Guo et al. (2020) come to a consistent conclusion with the above viewpoint in investigating the sustainable industrial development in Northeast China from 2003 to 2016.
In addition, more and more studies have applied spatial autocorrelation theory to the study of industrial agglomeration and eco-efficiency (Ge et al., 2021; Han et al., 2022). According to Tobler’s First Law, “Everything is related to everything else, but the things that are near are more closely related” (Tobler, 1970), which means that regional economic behaviors have spatial effects on geography. Due to the lack of independence among spatial data, spatial autocorrelation is a common phenomenon (Fujita et al., 2000). Subsequently, spatial econometrics has been widely used to explain various economic phenomena with spatial correlation (Elhorst, 2014), and many important theoretical and practical achievements are made in IEE and industrial agglomeration (Chen et al., 2020; Ge et al., 2022).
Based on the previous research, it can be found that industrial agglomeration could promote IEE through two mechanisms: The first is labor pooling (Overman and Puga, 2010). Labor agglomeration is conducive to improving labor quality, providing enterprises with better human resources, and increasing economic benefit. The second is knowledge spillover (Feldman, 1999). The gathering of enterprises connected with production activities is conducive to the spillover of knowledge and technology, which generates scale effect, reduces energy consumption and industrial emissions, and finally improves IEE.
The above mechanisms result from the external economy of industrial agglomeration, meanwhile, there is also external diseconomy in industrial agglomeration. Due to intensive production in a limited space, industrial emissions may increase, which may have a negative impact on IEE, so industrial agglomeration might have a nonlinear impact on the economy and environment. Therefore, this paper proposes the first research hypothesis in this study:
Hypotheses 1: Industrial agglomeration has a nonlinear effect on IEE, and there is a spatial spillover.
Previous studies have argued that agglomeration has a direct impact on energy intensity, and generally there are three types of conclusions. First, the positive externality of industrial agglomeration can reduce energy intensity. Wang and Chen (2010) point out that industrial agglomeration could improve energy efficiency, and industrial agglomeration will increase energy intensity. Chen F. (2016) holds that manufacturing industrial agglomeration increased China’s energy intensity as a whole. Shi and Shen (2013) analyze the economic agglomeration of 30 provinces in China from 1998 to 2010 and find that economic agglomeration first inhibits and then promotes energy efficiency. Ji and Zhao (2016) check the inverted U-shaped relationship between industrial agglomeration and energy efficiency of 20 subsectors in China’s manufacturing industry from 2002 to 2012. They contend that energy efficiency will decrease at a low agglomeration level, and increase at a high agglomeration level.
It is generally agreed that energy intensity would increase environmental pollution and reduce IEE. Li and Hong (2017) assert that energy intensity can increase environmental pollution, and there is a positive spatial correlation. Zhang and Wang (2019) study the haze pollution of 29 provinces in China from 2001 to 2015. It is certificated that the energy utilization efficiency could reduce haze pollution, and there is a negative spatial correlation. Lei et al. (2017) demonstrate the positive relationship between energy intensity and environmental pollution.
From the previous studies on industrial agglomeration and energy intensity, it can be inferred that industrial agglomeration, energy intensity and IEE are closely related. Industrial agglomeration may promote energy intensive utilization through sharing and learning mechanisms (Chatman and Noland, 2011), thus energy intensity decrease. As mentioned above, researchers put forward different conclusions about the effect of industrial agglomeration on energy by empirical analysis, so the relationship between them may also be nonlinear. There is a consensus that energy intensity inhibits IEE because energy consumption is an important source of environmental stress.
It is not hard to see that energy intensity may play a key role in the impact of industrial agglomeration on IEE. Industrial agglomeration may affect IEE through energy intensity, this mechanism mainly considers that energy intensity will directly affect the environmental input in IEE’s indicator, the scale effect of industrial agglomeration may reduce energy intensity and improve IEE. In view of this, we propose the second hypothesis of this study:
Hypotheses 2: Energy intensity plays a mediating role between industrial agglomeration and IEE.
It is found that previous studies more focus on regional eco-efficiency, but rarely on industrial eco-efficiency specifically, and the research objectives are always limited to the industrial agglomeration effect, and there is little literature discussing in which way industrial agglomeration influences IEE. In general, some researchers are more interested in the connection between industrial agglomeration and IEE, or industrial agglomeration and energy, but rare literature puts them into one research framework.
Therefore, the contribution of this paper is to explore the nonlinear impact of industrial agglomeration on industrial eco-efficiency from the perspective of spatial correlation and introduce energy intensity into the research framework as the mediating variable, to further discuss the mechanism of industrial agglomeration on IEE. This study could enrich the theory of industrial sustainable development, and have practical significance for the government to formulate industrial and energy policies, not only for Chinese industry but also for other developing countries facing the same industrial sustainable problems.
The rest of this article is organized as follows: The second section is the literature review. The third section is the methodology, including evaluation of IEE, model setting, variables description, and data sources, The fourth section is empirical results analysis, including IEE evaluation result, spatial regression, robustness test, and mediation effect test. The fifth section is the conclusion.
3 METHODOLOGY
3.1 IEE Evaluation by Super-DEA Method
“Eco-efficiency” is proposed by Schaltegger and Sturm (1990), which is defined as the ratio of economic output to environmental impact. At the Earth Summit held in Rio de Janeiro in 1992, the World Business Council for Sustainable Development (WBCSD) explain the eco-efficiency by the following:
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DEA model is widely adopted in efficiency measurement, and it is very suitable for the situation in which Decision Making Units (DMUs) have multiple input and output indices (Guo and Xu, 2016; Yuan et al., 2017). On this basis, the Super-DEA model is applied for evaluation in this paper, due to two significant advantages compared to the general DEA model. Firstly, the Super-efficiency DEA can further distinguish the difference between those effective DMUs, secondly, the data truncation problem can be avoided. Suppose an evaluation system has n DMUs, and each DMUj is composed of m input indices and s output indices. Input vector Xj and Output vector Yj are stated following Eq. 2, and Eq. 3:
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And the linear programming of the super-efficiency DEA model is expressed by the following:
[image: image]
where X represents the input index, Y represents the output index of DMUj, θ represents technical efficiency, and λ represents the matrix. [image: image] represents input slacks, and [image: image] represents output slacks.
For the input-output indicator setting, we refer to the method in previous literature (Chen L., 2016; Wang et al., 2016; Yang, 2020), which treats capital and labor as economic input, energy and industrial emissions as environmental input, industrial output as economic outputs. Some indicators such as ammonia nitrogen emissions or industrial soot dust are deleted, because official statistics are not available now (Yuan and Zhang, 2017; Zhou et al., 2020).
Finally, this study employs Super-efficiency slack-based measurement (SBM) DEA method to evaluate IEE, the input-output indicators of IEE in this paper are set as shown in Table 1.
TABLE 1 | Variables Description in super-efficiency DEA Model.
[image: Table 1]3.2 Empirical Model Setting
STIRPAT model is widely adopted to examine the impact factors of environmental pressure (York et al., 2003). Therefore, this paper expands the model by introducing industrial agglomeration as an explanatory variable, and other control variables to check the impact of industrial agglomeration on IEE and constructs the econometric model as the model (5):
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where i represents province, t represents the year, iee represents industrial eco-efficiency measured by the super-efficiency DEA method, agg represents industrial agglomeration, energ represents energy intensity, and Zit represents a series of control variables such as industrial structure, environmental regulation, and technological level. εit represents the error term. Considering that industrial agglomeration may have a nonlinear impact on IEE, the quadratic term and the cubic term of agg are introduced into the model.
Based on the previous literature, it is proved that industrial agglomeration has a strong spatial correlation with eco-efficiency (Yu et al., 2018a; Wang and Yang, 2019; Li et al., 2020). Since the general panel regression model may lead to biased estimates, this paper takes spatial correlation factors into account in empirical analysis, and the spatial panel regression model can better analyze the impact of industrial agglomeration on IEE.
The most significant feature of spatial econometrics compared with traditional econometrics is setting a spatial weight matrix, which explains spatial correlation by adjacent, geographic distance, or economic distance. This paper adopts the three common spatial weight matrices, the inverted geographic distance square matrix (W01) (Fan and Zhou, 2018) for the main regression model, the economic distance weight matrix (W02) (Wang et al., 2019) and the economic geography weight matrix (W03) (Chen et al., 2020) for robustness test, which are constructed as follows:
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The first step of adopting the spatial econometric model is to determine whether this study is suitable for the spatial econometric method. Generally, it is to judge whether there is a spatial correlation by the Moran’s Index (Anselin, 2019), which is calculated as following (9), where Y denotes IEE in this paper.
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When Moran’s index is significantly positive, it indicates that variables are positively spatial correlated; when Moran’s index is significantly negative, it means that there is a negative spatial correlation. If Moran’s index is not significant, it illustrates that the variables have no obvious spatial correlation, then it is not necessary to adopt the spatial econometric method for research.
Based on the model 5, Spatial Autocorrelation Model (SAC) (Halleck Vega and Elhorst, 2015) is constructed in this paper to study the impact of industrial agglomeration on IEE. The specific model is set as the model (10):
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The second research hypothesis in this paper is that industrial agglomeration affected the IEE through energy intensity, in order to test whether energy intensity is a mediator variable, referring to Baron and Kenny (1986), the mediating effect was tested as the following:
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Model (11) indicates that explanatory variables affect the explained variables, there may be mediating effect if d1 is significant. However, to prove that there is a mediating effect, the following tests are needed. Model (12) explains the impact of explanatory variables on the mediating variables, and Model (13) represents the influence of the mediating variables and explanatory variables on the explained variables. If the coefficients d2 and d4 are both significant, therefore the mediation effect is verified.
In fact, the Model (13) has been already certificated through the SAC model (10) in the first research hypothesis. Based on the second hypothesis of this paper, the mediating model is constructed taking IEE as the explained variable, energy intensity as the mediator, industrial agglomeration as the explanatory variable, and other control variables. The specific mediation effect is verified by the model (14) and model (15):
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3.3 Variables Description
The explained variable is IEE (iee), which is calculated by the super DEA method in the previous step. The core explanatory variables of this paper are industrial agglomeration (agg) and energy consumption (energ). According to Yan and He (2019), the level of industrial agglomeration can be expressed by the location entropy of employment, which can better describe the distribution characteristics of industrial agglomeration. The industrial agglomeration index can be calculated by the following Eq. 16.
[image: image]
where L refers to industrial employment of i province in t year, Q refers to the total employment of i province in t year. As stated in the theory of agglomeration (Krugman, 1991), industrial agglomeration may lead to economies of scale and a crowding effect. Since the influence of industrial agglomeration on IEE may be nonlinear, the quadratic and cubic terms of industrial agglomeration are introduced into the model.
Energy intensity (energ) acts as a mediating variable in this study, which is measured by the proportion of power consumption in regional GDP (Yuan et al., 2020). The higher the energy intensity per unit of output means the higher the energy consumption, which would decrease IEE, so the expected sign is negative.
There are five control variables in this model, namely, 1) Human Resources (edu). Human resources are expressed by the average schooling years of the urban population (Peng and Li, 2015). Human capital could improve eco-efficiency through technological innovation and environmental protection awareness, so the sign of the expected variable is positive. 2) Level of industrialization (indus). It is expressed by the share of the industrial added value in GDP (Yu et al., 2018b). The higher the industrial added value per unit of GDP, the more industrial output, so the expected sign is positive. 3) Population density (lnpopul). Population density is calculated by the ratio of the total population to the administrative area at the end of the year, and takes the natural logarithm form into the model (Wang et al., 2019). Areas with a large population have abundant labor resources, which is conducive to enterprises employing more professional labor and improving industrial output value. The expected sign is positive. 4) Environmental Regulation (lnregul). It is calculated by the proportion of total investment in pollution control in GDP (Yuan, 2018). Theoretically, the government raises the threshold of environmental regulation to diminish the emission of enterprises and promote eco-efficiency, so the expected sign is positive. 5) Technological Innovation (lnpaten). It is expressed as the number of approved patents filed per 10,000 people (Zhang et al., 2021). Technological innovation is an important driver of economic development, as well as an important way to promote clean production and reduce pollution. The expected sign is positive.
3.4 Data Sources
The above data are obtained from the China Statistical Yearbook, China Environmental Statistical Yearbook, China Industrial Statistical Yearbook, China Employment Statistical Yearbook, Economy Prediction System (EPS) database, China Economic Network, Provincial Statistical Yearbook, and official data released by the National Bureau of Statistics. In order to reduce the impact of inflation, the currency data has been deflated on basis of 2009. Some missing data were supplemented by linear interpolation. The research object of this paper is provinces and municipalities in mainland China. Due to statistical data missing in Tibet, the data set is composed of panel data of 30 provinces from 2009 to 2018 as shown in Table 2, which lists the name, description, unit, symbol, and expected sign of all variables.
TABLE 2 | Variable description.
[image: Table 2]4 EMPIRICAL RESULTS ANALYSIS
4.1 The IEE Evaluation Results
Table 3 shows the evaluation results of regional IEE, it can be found that there are significant regional disparities in IEE in China. From 2009 to 2018, the mean of IEE in five provinces exceed 1, including Beijing, Tianjin, Shanghai, Jiangsu, and Guangdong, and the efficiency ranking of these effective provinces could be also observed, indicating that it is more scientific to adopt super-efficiency DEA to measure IEE. From the mean of IEE, Beijing has the highest IEE during this period, as the political and economic center of China, the government attaches great importance to improving its environmental quality, such as transforming the previous state-owned industrial park to be the venue of the Winter Olympic Games (Deng et al., 2020), these policies are conducive to improve the IEE. Meanwhile, IEE values in nine provinces are less than 0.3, including Inner Mongolia, Heilongjiang, Gansu, Yunnan, Guizhou, Shanxi, Qinghai, Xinjiang, and Ningxia, which means that there has great potential for improvement of IEE. The provinces with lower IEE are mainly distributed in the western region of China, which might be related to the level of economic development and industrialization (Zhang et al., 2017).
TABLE 3 | Regional IEE from 2009 to 2018.
[image: Table 3]Figure 1 displays the average level of China’s IEE, industrial agglomeration, and energy intensity from 2009 to 2018. It can be seen that the average level of national IEE fluctuates slightly in some years during the study period, but is relatively stable in the range of 0.48–0.55, indicating that the regional IEE level is relatively low on the whole. Industrial agglomeration has been in an obvious downward trend during this period, which may be related to the industrial policies implemented by the Chinese government, including transferring some industries to central and western regions to alleviate excessive industrial concentration in eastern China and narrow the imbalance in regional industrial development.
[image: Figure 1]FIGURE 1 | IEE, industrial agglomeration and energy intensity from 2009–2018.
4.2 Spatial Regression
The descriptive statistics, multicollinearity, and correlation analysis of each variable are given in Tables 4, 5. It can be seen that each variable has no outliers and there are no completely unrelated variables or serious multicollinearity (VIF is less than 5), so the data set is relatively stable.
TABLE 4 | Descriptive Statistics.
[image: Table 4]TABLE 5 | Pairwise correlations and VIF.
[image: Table 5]As noted earlier, Moran Index is used to measure whether variables have a spatial correlation. Table 6 lists the Moran Index of IEE, industrial agglomeration, and energy intensity. It can be found that these variables show spatial positive correlation in all years, so it is reasonable and feasible to construct the spatial econometric model in this study.
TABLE 6 | Moran Index.
[image: Table 6]The specific spatial econometric model (10) is diagnosed by the LM, LR, and WALD test as shown in Column (1) of Table 7. The Robust LM Error and Robust Lag statistics were all significant at a significance level of 10%, indicating that SAR and SEM could not accurately reflect the spatial relationship between industrial agglomeration and IEE. According to the results of the BP test, Hausman test, and LR test, it is necessary to analyze the relationship between IEE and industrial agglomeration with individual and time both fixed effects.
TABLE 7 | LM test, LR, WALD, BP, HAUSMAN test results.
[image: Table 7]Table 8 lists the SAC model regression results of industrial agglomeration effects on IEE, as well as the non-spatial OLS model, fixed effects panel, and Spatial Durbin Model (SDM model) regression results for comparison, the results illustrate that the spatial model considering the fixed effects and spatial correlation is more suitable than that of the former two, with more reliable estimation. Furthermore, according to Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) (Yu et al., 2018a), it can be found that the SAC model has better goodness of fit compared with the SDM model, which also proves that the setting of SAC model in this study is reasonable (Li and Guo, 2019).
TABLE 8 | Regression results of non-spatial OLS model, non-spatial fixed effect panel model, SDM model, and SAC model.
[image: Table 8]It is observed from the empirical results of the spatial SAC model that the spatial error coefficient is significantly positive, indicating that IEE has a positive spatial correlation. The coefficient of the cubic term of the industrial agglomeration is negative, the quadratic term is positive, and the primary term is negative, which all pass the 5% significance test, revealing that the relationship between the industrial agglomeration and IEE is inverted N-shaped. Specifically, there are two inflection points in the inverted N-shaped curve, which means that in different stages of industrial agglomeration, its impact on IEE is inhibiting first, then promoting, and inhibiting again.
When the level of industrial agglomeration is lower than the first inflection point (agg<0.741), industrial agglomeration could hinder IEE. In the initial stage of industrial agglomeration, enterprises may only simply gather in geographical locations, enterprises enter industrial parks or industrial zones to get preferential policies from the government. However, the weak connections and associations among enterprises make it difficult to create knowledge spillover and economies of scale. However, the concentrated production in limited space increase industrial emissions, so the IEE would decrease.
According to the average industrial agglomeration index from 2009 to 2018 shown in Table 9, there are 11 provinces with industrial agglomeration on the left of the first inflection point, including Beijing, Inner Mongolia, Heilongjiang, Guangxi, Hainan, Guizhou, Yunnan, Shaanxi, Gansu, Ningxia, and Xinjiang. Except for Beijing as the political center, and Inner Mongolia and Heilongjiang as traditional heavy industry bases in northeast China, the other eight provinces are located in western China with a relatively backward industrial level. This result is consistent with the regional imbalance of China’s current industrial development.
TABLE 9 | Average Industrial Aggregation (2009–2018).
[image: Table 9]When the level of industrial agglomeration is between the first inflection point and the second inflection point (0.741<agg<1.679), industrial agglomeration could improve IEE. The main reason is that industrial agglomeration has developed from the simple concentration into deeper cooperation with upstream and downstream enterprises in the industrial chain, the government provides more infrastructure, as well as preferential policies, therefore quality and scale of the industry agglomeration are both improved, therefore economies of scale become greater than the crowding effect, the IEE would increase.
There are 18 provinces with an industrial agglomeration level between the first and second inflection points, including Tianjin, Hebei, Shanxi, Liaoning, Jilin, Shanghai, Jiangsu, Anhui, Fujian, Jiangxi, Shandong, Henan, Hubei, Hunan, Guangdong, Chongqing, Sichuan, and Qinghai. These provinces are mainly distributed in eastern and central China, indicating that industry in these regions has been developing rapidly in the 40 years of reform and opening-up, and the improvement of industrial agglomeration has a positive impact on IEE.
When the industrial agglomeration level exceeds the second inflection point (agg>1.679), industrial agglomeration will again hinder IEE. As the environmental capacity for industrial agglomeration is limited, excessive industrial concentration may result in huge energy consumption and pollution emissions, and continuously rising production costs. Economies of scale can no longer make up for the negative impact brought by the crowding effect, thus industrial agglomeration will lead to the decline of IEE.
As shown in Table 9, industrial agglomeration in Zhejiang province is on the right side of the second inflection point, illustrating that excessive industrial agglomeration level has hindered IEE. Should also be noticed at the same time, the industrial agglomeration levels in three provinces including Jiangsu, Guangdong, and Fujian are next to the second inflection point, which represent the highest level of China’s industrial development. It can be inferred that these developed eastern regions are already very close to the limit of local environmental capacity, if we continue to blindly expand industrial agglomeration in these regions, IEE will decline ultimately. The results also reflect the fact that excessive industrial agglomeration in some eastern developed provinces has already led to environmental degradation.
Energy intensity is negative and significant at the 1% significance level. This indicates that high energy intensity would increase energy consumption and hinder IEE, which is the same as the expected symbol, this may be due to inadequate energy utilization, high energy consumption per unit output leads to the decline of IEE. (Fisher-Vanden et al., 2004).
Regression analysis of other control variables is as follows:1) Human Resources (edu). The coefficient of human resources is positive at 1% significance level, in line with the expected sign. This shows that human resources play a positive role in promoting IEE because human resources determine the quality of labor force input. 2) Industrialization level (indus). The coefficient of industrialization passes the 1% significance test, illustrating a high industrial output value, which is beneficial to IEE. 3) Population Scale (lnpopul). The coefficient of population density is positive but not significant, which may result from large energy demand and industrial emissions in areas with large populations. 4) Environmental regulation (lnregul). The coefficient of environmental regulation is negative but not significant, indicating that environmental regulation has not played a positive role. The possible reason is that the environmental regulation increases the compliance cost of enterprises, and the higher production cost leads to the decline of IEE. 5) Technological innovation (lnpaten). The coefficient of technological innovation is positive at the 5% significance level, indicating that technological innovation could improve IEE. The possible reason is that technological progress emphasizes the innovation of emission reduction and clean production technology.
4.3 Robustness Test
To further test the reliability of the empirical results, this paper conducts a robustness test by different spatial weight matrices, which are the economic distance matrix (W02) and the economic geography matrix (W03). Columns (1)-(3) in Table 10 show the regression results of IEE under three spatial weight matrices. It can be observed that the coefficients of the primary term, quadratic term, and cubic term of industrial agglomeration are respectively negative, positive, and negative, most of them pass the 5% significance test, which is consistent with the previous conclusion and verifies again that the relationship between industrial agglomeration and IEE is inverted N-shaped. Meanwhile, the coefficient of spatial correlation is positive at different significance levels, which proves that IEE indeed has a spatial spillover effect. The above results check the robustness of the core conclusion of this study, therefore, the first research hypothesis of this paper has been verified.
TABLE 10 | Robustness test result.
[image: Table 10]4.4 Mediation Effect Test
The diagnosis test result of the model (14) and model (15) are shown in Columns (1)–-(2) of Table 7, indicating that the SAC model with both fixed effects should be selected for the mediation model. In order to show the mediation effect more clearly, we listed the regression results of model (14) (15) and model (10) in Table 11. Column (1) of Table 11 gives the regression result from the model (14), it is found that the correlation coefficients of the primary term, secondary term, and tertiary term of industrial agglomeration are negative, positive, and negative respectively, and which pass the significance test at different levels, indicating that industrial agglomeration has an obvious influence on IEE, and their relationship is inverted N-shape. Moreover, this empirical result remains robust and reliable under the different weight matrices. Column (2) of Table 11 reports the regression result of the model (15), it can be illustrated that the correlation coefficients of the primary and secondary terms of industrial agglomeration are positive and negative respectively, and both significant at different levels, indicating that industrial agglomeration has a significant U-shaped impact on energy intensity. When industrial agglomeration is lower than the inflection point (agg = 0.926), it can reduce energy consumption, but when it is higher than the inflection point, it will increase energy consumption. Therefore, the result verifies the second hypothesis of this paper, energy intensity acts as mediating role between the industrial agglomeration and IEE.
TABLE 11 | Mediating effect test result.
[image: Table 11]5 CONCLUSION
This paper analyzes the spatial correlation of IEE by panel data of 30 provinces in China and constructs the SAC model to investigate the complex impact of industrial agglomeration on IEE. The main conclusions are as follows:
The relationship between industrial agglomeration and IEE is inverted N- shaped. In the initial stage of industrial agglomeration, it is difficult to generate economies of scale, therefore it hinders IEE. When industrial agglomeration develops to a relatively mature stage, the economies of scale exceed the crowding effect, industrial agglomeration can promote IEE. This non-linear relationship between them has also been confirmed in previous studies (Cheng et al., 2019; Guo et al., 2020). Furthermore, this study found that when industrial agglomeration overexpands, it again hinders IEE. Therefore, the level of industrial agglomeration should be controlled at the second inflection point. And the result shows that IEE indeed has a positive spatial spillover effect, IEE in one region will be affected by IEE in neighboring areas. Moreover, this study reveals that energy intensity plays a mediating role in the impact of industrial agglomeration on Deindustrialize agglomeration can affect IEE by influencing energy intensity, which was not involved in previous studies, as far as we know. The above conclusions are significant under different spatial weight matrices, so the core conclusion is reliable.
Based on the above conclusion, we propose the following suggestions:
First, industrial agglomeration policies should be differentiated according to the stage of regional industrial agglomeration. In terms of China’s industrial agglomeration, there are 11 provinces to the left of the first inflection point, most of which are located in western China. This result indicates that industrial agglomeration is still in the early stage of development, so these regions should improve the level of industrial agglomeration on the premise of protecting the environment and promoting more regions to cross the first inflection point. The government should introduce preferential policies to encourage enterprises’ industrial cooperation, provide better infrastructure and public resources, and therefore give full play to economies of scale to improve IEE. At the same time, there are 18 provinces between the first and second inflection points, mainly located in the eastern and central regions, illustrating the rapid industrial development in these provinces, and industrial agglomeration will continue to improve. However, the level of industrial agglomeration should be controlled before the second inflection point, and more attention to improving the quality of industrial agglomeration. The government should strictly restrict the entry of projects with high energy consumption and high pollution into industrial parks or industrial zones through environmental regulations, and eliminate the existing backward industries. The government can also introduce other preferential policies to improve IEE, including human resources, technological innovation, and industrial structure optimization.
Second, due to the existence of the spatial spillover effect, it is verified that the Chinese government’s regional integration industrial policy is reasonable and scientific, which needs to adhere to in the future, such as the Yangtze River Delta Economic Belt, Beijing-Tianjin-Hebei Economic Zone, and Pearl River Delta Economic Zone in eastern China. A collaborative mechanism should be established to improve IEE, and decision-makers should formulate industrial strategies from long-term interests, and achieve a “win-win” effect between economic interests and environmental interests. It is found that the energy intensity plays a mediation role between industrial agglomeration and IEE, industrial agglomeration affects energy intensity directly, so the government should give priority to energy-saving policies to improve energy efficiency.
Finally, it is suggested to formulate differentiated industrial agglomeration policies and energy policies according to the different stages of industrial agglomeration, so as to promote regional industrial economy in favor of sustainable development. This study found that energy intensity has a significant mediating effect in the process of industrial agglomeration affecting IEE, so the government is suggested to pay full attention to the role of energy conservation policy when promoting sustainable industrial development. Since industrial agglomeration has been proved to have a non-linear relationship with energy intensity, the government is suggested to set appropriate emission reduction targets according to the level of industrial agglomeration. Industrial agglomeration policy should coordinate with energy conservation policy, to make industrial agglomeration and energy intensity play positive effects on IEE simultaneously.
The limitation of this study lies in the availability of industrial emissions data and the lack of unified measurement for CO2 emissions, resulting in the limited sample capacity. The future research direction is to find the latest scientific input and output indicators to measure IEE and to expand panel data to counties and cities for further grouping analysis.
In the context of the current global COVID-19, the sustainable development of the industry faces more uncertainties and challenges, including economic policies (Işık et al., 2020), the risk of SMEs closing down (Eggers, 2020), the increase in enterprise costs, the decline of labor efficiency, the challenge of environmental quality (Ahmad et al., 2021; Isik et al., 2021), energy supply and other aspects, all of which might have a significant impact on IEE, so they could be considered into the study of industrial sustainable development in the future.
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This study aims to expand the research perspective from the micro-enterprise level to the regional environment level to identify changes in the regional industrial Internet environment. The development and application of Industrial Internet technologies formed by these changes have spillover effects on Industrial Internet innovation. Sample data from 30 provinces and big cities of China from 2006 to 2018 were used to verify the network externality characteristics of industrial Internet development. The nonlinear impact of environmental factors, such as the proportion of Internet users and intellectual property protection on the open green innovation of manufacturing enterprises, was investigated through the panel threshold model. Meanwhile, the development level of the industrial Internet in eastern and western China is compared and analyzed. This study contributes to existing knowledge and guides practitioners to help manufacturing organizations develop industrial Internet environments.
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1 INTRODUCTION
With the explosive development of the new generation of information technology that is gradually extending to the industrial field, the connotation and extension of the industrial Internet further expanded (Karmakar et al., 2019). The resilience of energy infrastructure in the modern economy takes on a new meaning as the convergence of machine automation and data becomes the trademark of Industry 4.0 (Hashriq Dharfizi, 2020). The development of China’s industrial Internet from consumer industrial Internet to industrial Internet will bring a new round of changes (Lee, 2021). China has built a comprehensive modern industrial system, and its manufacturing sector has contributed greatly to the world economy. However, China’s manufacturing industry is growing faster and creating the issues of transformation realizations (Yang and Wang, 2020). The upgrading and high-quality development of the manufacturing industry is based on the new generation of information technology represented by the Internet and the development needs of the new situation of the Fourth Industrial Revolution (Ejsmont et al., 2020). The current industrial Internet has evolved into a complex new super network that will restructure the way manufacturing is organized. As a whole, the manufacturing power network is the depth of industrialization and the key to improving national innovation ability (Yang et al., 2016). To preempt the development opportunity in the new industrial revolution and gain control of the global value chain, the world will have a strategic focus on the use of information technology to assign advanced manufacturing industry development (Ashford and Hall, 2011; Sutawijaya and Nawangsari, 2020; Hu et al., 2022).
Open green innovation is not only the core driving force to promote the transformation and upgrading of the manufacturing industry but also the key to determining the overall strength and competitiveness of the country. From the new development concept to the new development pattern, innovation has never been at the core of China’s overall development. Nowadays, the industrial Internet has entered the era of “technology empowerment,” which has promoted the innovative development of economic society (Nathan and Scobell, 2012). Industrial Internet technology has become an important strategic technology leading a new round of technological revolution and industrial transformation. Moreover, the development and innovation of cutting-edge information and communication technologies will become an important strategic starting point for winning the initiative in global technological competition (Conway, 2016). Industrial Internet has been fully integrated into human production and life and has had a great impact on economic development. Since China formulated the “Industrial Internet plus” action plan in 2015, the integration of the industrial Internet and economic society has become an important trend (Pasquier, 2015). The new generation of ICTs, such as big data, cloud computing, IoT, and artificial intelligence supported by the industrial Internet, is constantly innovating (Seetharaman et al., 2019). The depth and breadth of their integration with the manufacturing industry are constantly improving, and the results are becoming more pronounced (Arnold and Voigt, 2017; Karmakar et al., 2019).
China has advantages such as a huge market scale, a complete industrial system, a solid network foundation, rich application scenarios, and sufficient practical experience (Park, 2019). It needs to create a development path of “Internet + manufacturing” with Chinese characteristics. Practical and academic research in China is necessary. Therefore, this study fully considers the reality of the development of the new generation of IT and distinguishes the dynamic impact of the development stage of the traditional industrial Internet and the new industrial Internet on the open green innovation of Chinese manufacturing enterprises. This research combines theory with practice, quantifies the characteristics of industrial Internet technology in different periods, and summarizes the specific path for industrial Internet to promote open and green innovation in manufacturing enterprises. To fulfill the research gap, this study answers the following key research question.
1.1 What is the Impact of the Industrial Internet Development Environment on the Open Green Innovation of Chinese Manufacturing Enterprises?
Furthermore, it analyzes the heterogeneous impact of the industrial Internet on different types of manufacturing enterprises from the national and regional levels. It contributes to the government's ability to correctly create policies for the deep integration of the industrial Internet and the manufacturing industry. Similarly, the results provide more detailed suggestions for enterprise transformation and upgrading, innovation, and development. The results contribute to the improvement of the industrial innovation system, the high-quality development of the manufacturing industry, and the cultivation of new drivers of economic development. The rest of the manuscript is divided into several sections. Section 2 describes the detailed material and method. Section 3 is about the results and discussion, followed by Section 4, which contains the conclusion and implications of the study.
2 LITERATURE REVIEW
From the global point of view, the industrial Internet has become the common choice of the world’s major countries for the future. The fourth industrial revolution will be the dominant power (Rusly et al., 2020). Nowadays, developed countries have laid out the industrial Internet and China has stood with the developed countries at the same starting line for such a development wave. The industrial Internet is an important means to promote the transformation and upgrading of the traditional manufacturing industry in China (Hu et al., 2022) and a key booster for the development of the digital economy in China. The top-level design goal of China’s industrial Internet is clear, that is, to speed up the construction of new infrastructure, expand integrated and innovative applications, improve the security system, improve the industrial ecological layout, and provide policy support (Beier et al., 2018; Lee, 2021). The shortage of resources and environment of industrial Internet system frame and the significant increase in labor cost have become important factors restricting the development of the manufacturing industry. The manufacturing industry urgently needs technological innovation to drive its development with greater efficiency, lower cost, and more environmentally friendly production management (Luo et al., 2019). At the same time, with the rapid development of information technology, the competitive pattern of the global manufacturing industry has been reshaped. To better grasp the window of opportunity formed by the development of the industrial Internet environment and accelerate the transformation and development of China, the manufacturing industry has become a major subject to promote the development of China’s new economy in the future.
The industrial Internet is closely related to and affects the Internet of Things, big data, information technology, and network security and is the link between the new generation of information technology and advanced industry (Hu et al., 2022; Shahzad et al., 2022). China’s manufacturing base is huge, and the manufacturing industry in the new era is transforming and upgrading from simple scale and quantity expansion to quality and energy efficiency improvement (Chen, 2017). Manufacturing enterprises gradually build industrial Internet subsystems according to their characteristics. The 14th Five-Year Plan is extremely important to China’s economic and social development, leading to high-quality, innovative development, during which China will complete the historic task of building a moderately prosperous society in all respects and embark on a new journey of comprehensively building a modern socialist country (Creemers et al., 2022). At this important historical juncture, China’s economic development has shifted to a stage of high-quality development characterized by innovation-driven development and structural upgrading. In this context, China must seize the strategic opportunities of the new round of scientific and industrial revolution with big data, the Internet of Things, and artificial intelligence at the core. It must enhance independent innovation capacity, conquer key core technologies, promote the advanced industrial base, and build a new development pattern during the 14th Five-Year Plan period (Creemers et al., 2022).
At present, many scholars have conducted research on Internet development, technological innovation, industrial structure transformation, upgrading, etc., but most of them are about the technological innovation effect of technological innovation on Internet development, the adoption of big data, and the structural adjustment effect of green open innovation (Paunov and Rollo, 2016; Shahbaz et al., 2021; Wang and Yang, 2021; Bradu et al., 2022). According to recent development, green innovation has become a prominent focus for academics and specialists. The research simplifies sustainability concerns and decision-making, which is crucial for any company since unsustainable industrial activity leads to the deterioration and depletion of natural resources (Asadi et al., 2020). Transforming industry operations into green innovation practices is difficult for governments and management due to the process’s complexity and ambiguity (Gupta and Barua, 2018). Governments and politicians must adopt long-term policies for proactive environmental protection. As a result, examining green innovation techniques in the business is critical for decreasing environmental harm, increasing quality of life, and supporting national economic development (Wang and Yang, 2021). Therefore, this study is crucial for analyzing the impact of the industrial Internet development environment on open green innovation of manufacturing enterprises mainly focusing on Chinese manufacturing organizations.
3 MATERIAL AND METHOD
3.1 Model Building
3.1.1 Benchmark Model Setting
Referring to the model of the relationship between infrastructure construction and open green innovation studied by (Hulten et al., 2006), this research constructs a benchmark model reflecting the impact of regional industrial Internet development environment on open green innovation of manufacturing enterprises, seen in Eq. 1:
[image: image]
where the subscripts j and t represent province j and year t, respectively. The explained variable [image: image] represents the annual open green innovation level of manufacturing enterprises in each province and city. From the perspective of innovation output, the number of patent applications of industrial enterprises in each province and city reflects the number of regional innovation output. The explanatory variable [image: image] reflects the comprehensive index of a regional industrial Internet development environment.
[image: image] is the local Control variable, [image: image] is the individual fixed effect and [image: image] is the random error term. If [image: image], it is considered that the regional industrial Internet development environment can promote the open green innovation of manufacturing enterprises. This study adopts the panel fixed effect model to test.
3.1.2 Threshold Model Setting
In order to test the nonlinear innovation spillover of the industrial Internet caused by environmental constraints, Hansen’s panel threshold model (1999) is adopted to investigate the nonlinear mechanism, and the model is constructed as follows:
[image: image]
where [image: image] is the threshold variable, [image: image] is the threshold value to be estimated, and (·I) is the indicator function. Eq. 2 assumes the existence of one threshold value. Considering the possibility of multiple threshold values in the sample. The extended model is shown in Eq. 3:
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3.2 Data Sources and Variable Definitions
3.2.1 Samples and Data Sources
This study takes the regional industrial Internet development environment as the starting point for research and adopts the balanced panel data from 2006 to 2018 at the regional level for empirical analysis; 30 provinces and cities in China were selected as samples. Due to a lack of samples, data from Hong Kong, Macao, Taiwan, and the Tibet Autonomous Region of China were excluded. In this study, the China statistical yearbook of statistical data provided information on:
•open green innovation and R&D manufacturing enterprise to measure the area;
•Internet industry development environment subdivision index data for each year of industry; and
•China Internet development statistics.
The data of other control variables and threshold variables came from the statistics database of the China Economic Network and the local statistical yearbooks of provinces and cities over the years. The intellectual property index also used the data from The Yearbook of Chinese Lawyers and the Annual Report of the State Intellectual Property Office. In addition, in order to reduce the interference of outliers, a 1% tail reduction is also carried out on the samples.
3.2.2 Variable Interpretation
3.2.2.1 Explained Variable
This study adopts the patent application volume of industrial enterprises from each province as the index to measure the innovation output of regional manufacturing enterprises and makes logarithmic processing.
3.2.2.2 Explanatory Variables
At present regarding the regional industrial Internet development environment, the official has not disclosed the more authoritative comprehensive index. Most scholars use a single index to measure the industrial Internet penetration rate, the number of regional netizens, the number of websites, and so on. With the continuous expansion of industrial Internet connotation and extension, a single index can only reflect the local facts of the industrial Internet development environment, in order to fully reflect the regional industrial Internet development environment, also need to measure the comprehensive index. The Internet industry has a comprehensive development level measurement system. According to the availability, comprehensiveness, and scientific nature of data, combined with the actual development of China’s Internet industry, the indicators are defined in Table 1.
TABLE 1 | Environmental index system of inter-provincial industrial Internet development.
[image: Table 1]In particular, the reasons for the selection of indicators include: (1) the popularity of the industrial Internet. The penetration rate of industrial Internet reflects a province’s netizens’ acceptance of industrial Internet and highlights the potential of the future development of industrial Internet in this province. The scale of Internet users and the number of mobile phone users reflect the demand for industrial Internet service and mobile phone service to a certain extent. These three indicators are also commonly used to measure the development capacity of the industrial Internet, which can reflect the level of industrial Internet popularization at the provincial level. (2) Industrial Internet infrastructure. Four subdivision indicators are selected to comprehensively reflect the infrastructure construction level of industrial Internet: the length of long-distance optical cable lines, the number of access ports, the number of domain names of ten thousand people, and the proportion of IPv4 addresses. (3) Industrial Internet resource allocation. Information is the key element and basic resource in industrial Internet economic activities. Usually rely on websites and web platforms, the information in the form of sound, image, video, and text, to meet the needs of users. Therefore, websites and web pages are important indicators to reflect the level of industrial Internet information resources. In general, the number of websites and web pages directly affects the industrial Internet information resource allocation level. Therefore, the average number of bytes of each web page at the provincial level is selected to represent the level of information resources of web pages. At the same time, talent is also the core resource of the development of the industrial Internet; the number of employees in the information industry affects the development and application of industrial Internet technology.
(4) Industrial Internet business applications. Industrial Internet business applications mainly involve basic communication, social networking, and online shopping. This study reflects the level of business application of the industrial Internet from the perspective of social networking and online shopping, and specifically selects the volume of post and telecommunications business and express business indicators to represent. (5) Industrial Internet consumption level. This part of the regional industrial Internet environment should include its economic environment, consumer environment, and many other aspects. The regional economic environment will be directly related to the construction process of the inter-provincial industrial Internet, the diffusion of use and development direction, purchasing power level, and consumption environment determine the industrial Internet users’ ability to pay for network products and technology and demand willingness. Therefore, in the comprehensive index system of industrial Internet development environment, per capita GDP is added to reflect the economic environment of industrial Internet development, and the per capita consumption level of urban residents is adopted to reflect the consumption environment of industrial Internet development.
Using the principal component analysis method, the annual industrial Internet development environment index [image: image] of each province is calculated by summarizing the above indexes. Bartlett’s sphericity test and KMO test were significant. According to Eq. 4, the comprehensive score data of industrial Internet is standardized to the interval [0,1], and the annual comprehensive index of the regional industrial Internet development environment is obtained.
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3.2.2.3 Control Variables
Existing studies indicate the main control variables adopted in this part include urbanization level (urban), R&D investment intensity (rdqd), financial support (gov), financial development level (fin), the proportion of foreign investment (FDI), and marketization level (market).
3.2.2.4 Threshold Variables
In this study, the threshold regression model is used to analyze the restricting factors affecting innovation spillover of industrial Internet, and five threshold variables are selected respectively. (1) Industrial Internet Development Environment (provint). Taking the comprehensive index of regional industrial Internet development environment as the threshold variable, the nonlinear effect of regional industrial Internet development environment on innovation spillover can be comprehensively investigated. (2) Penetration rate of the industrial Internet [image: image]. The penetration rate of regional industrial Internet, i.e., the proportion of Internet users, is selected as the threshold variable to verify network externalities. (3) Level of intellectual property protection [image: image]. With the popularization and application of the industrial Internet, the knowledge spillover effect is strengthened, but it will also cause infringement and other negative effects on original groups. Regional intellectual property protection will play a role in regulating open green innovation behavior. The intellectual property protection level is used as the threshold variable to investigate the spillover effect of industrial Internet innovation under different levels of intellectual property protection in different regions. Eq. 5 is used to calculate the comprehensive index of intellectual property protection level of each province and city’s [image: image].
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Among them, the nominal intensity of national intellectual property protection [image: image] and the actual intensity of regional intellectual property protection [image: image] is measured by relevant indicators, as shown in Table 2.
TABLE 2 | Indicators of intellectual property protection intensity.
[image: Table 2]Secondly, the dimensionless standardization of each secondary index of the actual protection strength [image: image] is carried out, and the extremum standardization method is adopted. The processing formula (Eq. 6) of indicators is as follows:
[image: image]
[image: image] is the standardized index score and [image: image] is the annual value of the second-level index of regional actual protection intensity for each province. By dividing the score values of the four indexes by 4, the actual intellectual property protection level of each province is obtained [image: image], and the comprehensive index of the intellectual property protection level of each province is obtained using Eq. 5.
(4) Ratio of R&D personnel (rdperson). Open green innovation is inseparable from the support of human resources. The proportion of science and technology activity personnel in industrial enterprises above the designated size in the number of industrial employees in each province is used to measure the regional labor force structure and human capital level. (5) Market segmentation index (good_seg). The variance of relative price changes of the consumer price index between neighboring provinces was calculated, and the market segmentation index of each province was obtained. To explore whether market segmentation will hinder the free flow of factors of production across time and space in the industrial Internet environment. Based on the above analysis, the definitions of the main variables in this study are summarized, as shown in Table 3.
TABLE 3 | Definitions of major variables.
[image: Table 3]4 RESULTS AND DISCUSSIONS
In this section, the benchmark and threshold models are used for regression, respectively, to comprehensively investigate the impact of the industrial Internet development environment on the open green innovation of manufacturing enterprises.
4.1 Descriptive Statistics
Table 4 describes the descriptive statistics of the main variables. The statistical results show that the logarithmic mean and standard deviation of the patent number of industrial enterprises in each province and city are 8.424 and 1.652, indicating that there are great differences in the level of open green innovation in different regions. The average value of the industrial Internet development environment composite index is 0.589, and the overall network environment level is above medium, but there are still differences between different regions of the industrial Internet development environment. As can be seen from the proportion of regional industrial Internet users, the minimum value is 3.848, the maximum value is 77.99, and the average value is 39.06. It can be seen that the regional industrial Internet popularity and basic environment in the sample range show great development and change.
TABLE 4 | Descriptive statistics of main variables.
[image: Table 4]Figure 1 shows the variation trend of the industrial Internet development environment composite index of provinces and cities from 2006 to 2018. The development level of the industrial Internet environment in most provinces shows an upward trend of fluctuation, but there is a relatively obvious “digital divide,” which is mainly reflected in 1) Beijing, Shanghai, Guangdong, Jiangsu, and other eastern provinces and cities that have a high level of industrial Internet development, generally exceeding 0.8, showing an obvious growth trend, and these regions account for 26.67% of the national proportion. 2) Including Anhui, Jiangxi, Jilin, seven provinces in central and western provinces except in Sichuan, Chongqing, and Hainan, a total of 18 provinces industrial development of the Internet environment comprehensive index is a phenomenon of continued growth, but they were always lower than during the same period. The level of the Internet industry, the province accounted for more than 60%, mainly concentrated in the Midwest. 3) The level of the industrial Internet in Sichuan, Chongqing, Henan, Hebei, and other provinces and cities continues to grow, with a certain trend of lagging behind. 4) Since 2011, the development level of the industrial Internet in Inner Mongolia, Guizhou, Ningxia, Guangxi, Qinghai, and other regions has risen sharply several times. During this period, the state has intensified the strategy of poverty alleviation, western development, and the rise of central China, which may have played a driving role in the development of the industrial Internet in these regions.
[image: Figure 1]FIGURE 1 | Trend of industrial Internet development environment composite index of provinces and cities from 2006 to 2018. (Source: Drawing using Stata software).
4.2 The Existence Test of Environmental Impact Effect of Industrial Internet Development
The benchmark regression results of innovation spillover effects in the industrial Internet development environment are shown in Table 5, which adopts the fixed panel model and add control variables and individual fixed effects. The results show that the industrial Internet development environment can promote the open green innovation of regional manufacturing enterprises, and the influence coefficient is 2.726, which is significantly positive at the confidence level of 1%. According to the division of the three economic zones, the spillover effect of industrial Internet innovation in eastern provinces and cities is the largest and most significant, with an impact coefficient of 3.798, followed by the central and western provinces with an impact coefficient of 2.089 and 1.538, respectively.
TABLE 5 | Benchmark regression results of innovation spillover effect in an industrial Internet development environment.
[image: Table 5]In terms of control variables, the higher the level of urbanization , the higher the level of open green innovation. It can be seen that the increase of the non-agricultural population provides innovative human resources for innovation activities, thus promoting innovation. Thus, the urbanization process in western provinces has the greatest impact on innovation. The intensity of R&D investment and financial support have a significant positive effect on the open green innovation of manufacturing enterprises, while the influence coefficient of foreign investment is negative, indicating that FDI has a certain crowding out effect on the local open green innovation. Financial development and marketization level have no significant impact on open green innovation in the manufacturing industry.
4.3 Threshold Model Testing
In this part, the comprehensive index of the industrial Internet development environment, the proportion of Internet users, intellectual property protection, the proportion of research and development personnel, and the degree of market segmentation are taken as the threshold variables and added into the threshold model for analysis. The test results are shown in Table 6. First, check whether the threshold effect is significant. Among them, the industrial Internet development environment composite index and the proportion of Internet users in the study sample contain two threshold values. The level of intellectual property protection, the proportion of R&D personnel, and the degree of market segmentation are significant only in a single threshold test.
TABLE 6 | Threshold effect test.
[image: Table 6]Next, the threshold model is used to influence the open green innovation of manufacturing enterprises by industrial Internet. The regression results of threshold values are based on different influencing factors, as shown in Table 7, reflecting the nonlinear characteristics of the industrial Internet innovation spillover effect.
TABLE 7 | Regression results of threshold models.
[image: Table 7]4.3.1 Industrial Internet Development Environment
The influence of the industrial Internet development environment composite index on the open green innovation of manufacturing enterprises presents the characteristics of double thresholds. When the regional industrial Internet development environment composite index is lower than 0.4467 to equal to and over 0.734, the impact coefficient of industrial Internet on open green innovation of manufacturing enterprises increases from 2.6833 to 3.4977 and then decreases to 2.9486. This result verifies the inverted U-shaped nonlinear influence of the industrial Internet development environment on its innovation spillover effect. The development environment of the industrial Internet has a positive spillover effect on the open green innovation of manufacturing enterprises, and this innovation spillover effect exists in the optimal range. Beyond this range, the innovation spillover effect of the industrial Internet still exists but shows a weakening trend.
It should be pointed out that as a threshold variable, the comprehensive index of the industrial Internet development environment has different influences on the spillover effect of industrial Internet innovation in the east, central and western regions. The test results of the threshold model by region are shown in Table 8. In order to realize the optimal industrial Internet spillover effect, the first threshold value to be crossed is 0.4463 in eastern provinces, 0.4366 in central provinces, and 0.3789 in western provinces. Relatively speaking, western provinces and cities to obtain industrial Internet innovation spillover only need to cross the low threshold of the industrial Internet environment.
TABLE 8 | Regression results of threshold models in the east, central and west regions.
[image: Table 8]4.3.2 Proportion of Internet Users
The ratio of Internet users to the proportion of Internet users presents a double threshold effect on the open green innovation of manufacturing enterprises, and the corresponding two thresholds are 20.9393 and 30.3636, respectively. When the proportion of regional Internet users is less than 20.9%, the influence coefficient of industrial Internet on manufacturing enterprises is not significant. When crossing this threshold, the influence coefficient of industrial Internet on manufacturing enterprises reaches 1.295, which is significantly positive in the 1% confidence interval. When the proportion of Internet users is greater than 30.4%, the influence coefficient of the industrial Internet on open green innovation of manufacturing enterprises further increased to 1.879, which verifies the network effect of the industrial Internet, that is, the innovation spillover effect of the industrial Internet will increase with the increase of Internet users.
4.3.4 Level of Intellectual Property Protection
The level of regional intellectual property protection is positively correlated with the open green innovation of manufacturing enterprises caused by the industrial Internet, and there is a single threshold effect. When the intellectual property protection index is lower than 4.0605, the impact coefficient of industrial Internet on the open green innovation of manufacturing enterprises is 2.8032, which is significantly positive in the 1% confidence interval. When crossing this threshold value, the impact coefficient of industrial Internet decreases to 2.2920, but it is still significantly positive. The results reflect that the industrial Internet still has a significant innovation spillover effect under intellectual property protection, but the innovation impact coefficient of the industrial Internet decreases with the increase of intellectual property protection intensity. According to theoretical analysis, this phenomenon does not indicate that intellectual property rights inhibit the innovation spillover effect of the industrial Internet but regulate innovation activities of the industrial Internet through laws and regulations. The average level of intellectual property rights protection in each province from 2006 to 2018 was 2.291, which is still in the development stage.
4.3.5 Ratio of R&D Personnel
The proportion of regional R&D personnel positively correlated with the spillover effect of industrial Internet innovation, and there is a single threshold effect. When the proportion of R&D personnel is lower than 1.4388%, the impact coefficient of industrial Internet on open green innovation of manufacturing enterprises is 2.0668, which is significantly positive in the 1% confidence interval. When crossing this threshold value, the impact coefficient of the industrial Internet increases to 2.8299. The results show that the higher the level of regional human capital, the more conducive to the industrial Internet to open green innovation of enterprises to play a positive role.
4.3.6 Degree of Market Segmentation
The degree of market segmentation reflects whether local governments restrain resource flows by controlling local resources. Market segmentation will restrict the cross-regional flow of enterprise innovation resources in the industrial Internet environment. The empirical results show that when the market segmentation index is higher than 0.0001, the Internet industry to the manufacturing enterprise of open green innovation influence coefficient dropped to 2.4359 and is significant at a 1% confidence interval. Regional protectionism or resource monopoly constrain industrial Internet innovation spillovers and hinder the cross-regional cooperation innovation. To give full play to network externalities, regional barriers should be broken, and market integration promoted.
4.4 Robustness Test
4.4.1 Change Explanatory Variable and Explained Variable
In order to further verify the reliability and robustness of the study, the explanatory variables and explained variables were changed respectively for regression analysis. The explained variable was replaced by innovation input, that is, R&D expenditure of industrial enterprises, to represent the level of open green innovation in the manufacturing industry. The explanatory variable was changed from a comprehensive index to a single index, and the penetration rate of the industrial Internet, the ratio of the total number of websites to the number of enterprise units, and the proportion of the information industry employees were used as the replacement index of the industrial Internet development environment index in each province to carry out robust estimation. The regression results are shown in Table 9. The impact of different industrial Internet indicators on manufacturing innovation is still significant.
TABLE 9 | Robustness tests of alternative explanatory variables and explained variables.
[image: Table 9]4.4.2 Adjusted Sample Interval
By adjusting the sample interval, the period from 2008 to 2016 was selected as the research period for re-testing, and the robustness was further tested through regression tests in the eastern, central, and western regions. The results are shown in Table 10. The development environment of industrial Internet still has a significant promoting effect on the open green innovation of manufacturing enterprises, and the spillover effect of industrial Internet innovation in the eastern, central, and western regions is significant and different, which is consistent with the previous research results.
TABLE 10 | Robustness test of adjusted sample interval.
[image: Table 10]4.4.3 Endogeneity Testing: Instrumental Variable Method
In this study, an endogeneity test is performed. Provint tool variables with one and two lags were selected, and the 2SLS model and GMM model with fixed effects were used for regression, respectively. Test results are shown in Table 11.
TABLE 11 | Endogeneity testing: Instrumental variables.
[image: Table 11]In the first stage, the lag of one and two stages of the industrial development of the Internet have a significantly positive influence on the environment. In the second stage, the Internet industry development environment for open green innovation influence coefficient is positive, consistent with the above conclusion, 2 SLS and GMM estimation results is no an obvious difference. At the same time, the provint variable passes the over-identification test, and the Sargan test cannot reject the null hypothesis that the provint variable is valid, indicating that the choice of the tool variable is reasonable.
5 CONCLUSION
5.1 Contribution of the Study
Based on the data of 30 provinces and cities from 2006 to 2018, this study examines the impact of the industrial Internet development environment on the open green innovation of manufacturing enterprises by constructing the regional industrial Internet development environment index system and measuring the comprehensive index of the regional industrial Internet development environment. The core contributions of the study are as follows: First, the comprehensive index of the industrial Internet development environment of all provinces and cities shows an upward trend of fluctuation, but there is an obvious “digital divide.” The development environment of the industrial Internet in eastern China is generally better, showing an obvious leading growth trend, while the development environment of the industrial Internet in central and western China is relatively backward. However, in recent years, the development speed of industrial Internet in western provinces such as Sichuan and Chongqing are obviously accelerated, and there is a certain phenomenon of “catching up and surpassing.” Secondly, the regional industrial Internet development environment has a significant promotion effect on the open green innovation of manufacturing enterprises, presenting an obvious innovation spillover effect. The spillover effect of industrial Internet innovation is different in the east and the central and western regions. The east is the most significantly affected by the industrial Internet, followed by the central and western regions.
Third, there is a nonlinear transmission mechanism of the impact of the industrial Internet development environment on the open green innovation of manufacturing enterprises. By taking the industrial Internet development environment, the proportion of Internet users, the level of intellectual property protection, the proportion of R&D personnel, and the degree of market segmentation as the threshold variables to test the threshold model. The industrial Internet development environment and the proportion of Internet users have a double threshold effect, and the intensity of intellectual property protection, the proportion of R&D personnel, and the degree of market segmentation have a single threshold effect. The development environment of the industrial Internet has an inverted U-shaped nonlinear influence on its innovation spillover effect. Similarly, the eastern provinces need to overcome the threshold value of the industrial Internet development environment to achieve the optimal innovation spillover effect. Meanwhile, the western industrial Internet development environment has a relatively low threshold constraint, which provides a “late-comer advantage” for the improvement of the western manufacturing innovation level. The innovation spillover effect of the industrial Internet will increase with the increase of Internet users, which verifies the network externality of the industrial Internet. Under the protection of intellectual property rights, the industrial Internet significant innovation spillover effect still exists, but with the increase of the intensity of the protection of intellectual property rights. The innovation of the reduced industrial Internet influence coefficient may lead to an information security risk through the Internet intellectual property laws and regulations and standard industry innovation. To some extent, it will lead to a decline in the number of open green innovations.
Finally, the innovation spillover of the industrial Internet development environment is also affected by the proportion of R&D personnel and the market segmentation index. When the proportion of R&D personnel is higher than 1.4388%, the innovation promotion effect of the industrial Internet on manufacturing enterprises is improved. When the market segmentation index is higher than 0.0001, the influence coefficient of industrial Internet on open green innovation of manufacturing enterprises decreases, indicating that inter-regional protectionism will constrain the spillover effect of industrial Internet innovation . Therefore, enterprises should continue to play an innovative role in R&D and encourage manufacturing enterprises to adapt to the industrial Internet development environment and the new digital economy, and make full use of the new generation of information technology to achieve competitive advantages.
In addition to the management significance, this research also has certain theoretical contributions, such as the research results that can contribute to the existing industrial Internet development literature. At the same time, this study also helps form a deeper understanding of the role of industrial Internet development in green and open innovation. It enables scholars to carry out specific theoretical development and understanding of this concept, which helps to understanding this concept more clearly. Furthermore, the proposed model can provide a bird’s-eye view, allowing future scholars to link existing models for future development.
5.2 Limitations and Future Directions
In addition to research significance, this study also has some limitations for future scholars to resolve. First, this study establishes a model based only on China’s manufacturing organization. The scope of results may be affected. Therefore, it is recommended that future scholars adopt the model on a global scale and test it in other industries, such as high-tech enterprises. Comparative analysis will provide a broader perspective for understanding the importance of the industrial Internet development environment. Second, futurologists can accelerate the innovation of artificial intelligence, cloud computing, cutting-edge computing, and other technical basic theories and improve the diversified long-term effect mechanism that was not involved in this study.
Finally, due to the availability of data, the complete dataset from 2006 to 2018 was analyzed in this study. Future researchers can add the maximum available data from a different context and analyze different time lags.
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Climate change mitigation is the prime priority of businesses in the modern world, making them inclined to opt for clean energy acceptance. From the end-user perspective, acceptance of novel technologies is inevitably vital in promoting such technologies, and certain factors could play an influential role in shaping the acceptance behavior of businesses in embracing those technologies. Against this background, the purpose of this study is to determine the factors that influence the acceptance of solar panel systems (SPS) by small and medium businesses (SMBs) in Pakistan. A questionnaire survey was conducted in seven districts of Pakistan’s Punjab province from December 2021 to February 2022. The data were collected using a Five-point Likert scale. Based on the questionnaire survey, the variance-based structural equation model technique is utilized. The outcomes are: 1) size of the business, ease of using SPS, and credibility of SPS are the top three driving forces. 2) The cost of SPS, and the pressure of competitors are the bottlenecks to the acceptance of SPS, while the absence of technical skills is a neutral factor. 3) According to the effect size and path coefficients, the cost of SPS, and the size of the business are found to be the most significant factors, while the absence of technical skills is found to have less significance. As it is found that economic incentives majorly affect the acceptance of SPS thus, it is concluded that lowering the cost of SPS will increase its acceptance. Based on empirical results, it is suggested to promote public awareness about the environmentally-friendly nature of solar power systems to improve its acceptability at the individual as well as firm levels.
Keywords: solar power system, SMBS, driving forces, bottlenecks, structural equation model, Pakistan
1 INTRODUCTION
The ecosystems are persistently subject to anthropogenic pressures brought about by humans’ persistent drive for escalated economic growth (Kapsalis et al., 2019; Ahmad and Wu, 2022b). In this regard, it has been argued that industrial and residential emissions were the root cause of air as well as water pollution (Işık et al., 2021a; Kyriakopoulos et al., 2022). As a remedy to climate change, renewable energy alternatives are revealed to be the sustainable solution to driving down the earth’s temperature (Acaroğlu and Güllü, 2022). United Nations’ sustainable development agenda emphasizes the transition to renewable energy economies to prevent global warming and resulting catastrophes (Işik et al., 2017). The past studies also argued about the economic viability of renewable energy solutions. For instance, (Isik et al., 2018) found economic growth supportive effects of renewable energy in the United States, China, France, Spain, Germany, and Turkey. As a countermeasure, global economies have started emphasizing the development of the renewable energy sector, involving wind, biomass, and solar power. Among these renewable energy sources, solar has been argued to be the most flexible option since the feasibility of its adoption is more incredible than wind and biomass energy (Kyriakopoulos et al., 2019; Jabeen et al., 2020). In 2019, solar energy cumulative installed capacity was noted around 627 gigawatts (GW) globally (Atchike et al., 2022; Rehman et al., 2022). It has been argued that post-2022, solar is going to report the new records for new deployments every year, with a mean increase of 125 GW of new capacity anticipated worldwide between 2021 and 2025 (IEA, 2020). Even if renewables are strongly rooted in the world’s energy production sector at this stage, they hardly produce 12.9% of the total energy production (excluding the generation of hydropower) (Ahmed et al., 2021; Rehman et al., 2021; Verbič et al., 2021). In addition, fossil fuel subsidies that used to compete with hundreds of billions of US dollars per year are now being decelerated (Chandio et al., 2020). Nevertheless, despite everything, investors finance carbon power plants with tens of billions of US dollars each year (IRENA, 2019). As for access to electricity installations, approximately 1 billion people were without these installations; the vast majority belong to African countries, while around 25 million belong to Pakistan (Adedoyin et al., 2021). Solar panel systems (SPS) - a group of solar (or photovoltaic) cells that may produce energy through the photovoltaic effect—would possibly reshape the sustainable development goals (SDGs) in this case (Energy Information Administration, 2019). With this cause, various economies have generated positive anticipations for the success of the renewable energy sector (Ahmad et al., 2021c; Işık et al., 2022). The ever-increasing demand for power generation in its history is also one of the deciding relics for an economy to manage a stable prospect (Chandio et al., 2021; Ahmad and Wu, 2022a). The world’s power demand is anticipated to grow to 29 per cent in the sky between 2018 and 2040. This increase is anticipated to rise by about 50 percent in Asian countries, which is notable among several other countries in the world (Ahmad et al., 2021b; Işık et al., 2021b; Satrovic et al., 2021). A horrific energy shortfall of about 9000 MW was reported in Pakistan in the middle of 2018. In the meantime, a power outage of up to 13–15 h a day was normal in rural areas, while in urban areas, 6 to more than 8 h a day (Jabeen et al., 2019). In order to overcome this power shortage, the production of SPS is anticipated to provide the solution needed, as Pakistan has enormous renewable energy potential. Despite the abundance of renewables, the use of SPS is still far below its optimum point (Fatima et al., 2019).
Although there is progress seen in the past works regarding the acceptance of renewables by small and medium businesses (SMBs), the depth of analysis and scope of factors involved in those researches remained limited. In this regard, (Acaroğlu and Baykul, 2016) conducted the economic feasibility of producing and consuming solar flat-plate systems in Eskisehir, Turkey. They concluded that though solar systems incurred huge economic costs, their potential climatic benefits could compensate for such costs. There are many shortcomings needing the attention of modern studies. 1) The existing literature, such as Qamar et al. (2022) and Rahbauer et al. (2016), focused on the factors influencing the acceptance behaviors in Pakistani and German SMBs, correspondingly. For instance, the former one considered a small sample size from a local perspective, leaving the findings with lack of generalizability. Additionally, SMBs have characteristics such as less profit margins, less revenues and a variety of customers. These characteristics may result in acceptance behavior that is different from the large businesses. Thus, including these kinds of businesses will lead to a better understanding of acceptance behavior related to SPS, which is accomplished by this study by taking SMBs into consideration. 2) The factors that are taken into consideration to analyze the acceptance of SPS in this study have never been considered by last studies as per our knowledge. Although the study of Rahbauer et al. (2018) in German SMBs considered those factors to analyze the renewable acceptance behavior but they ignored an important factor of the absence of technical skills. This study has taken this factor into consideration.
3) The factors investigated in this study were not considered by the past researchers. Again, Rahbauer et al. (2016) was the only researcher to conduct a qualitative research which was based on interviews to describe the behavior of German SMBs in regards to acceptance of renewables. Nonetheless, the difference is in the method of attainment of electric power. To investigate the acceptance of renewables by German SMBs, the company that provides the renewable energy was taken into consideration. In contrast to which, there is no study which investigated those factors in the perspective of SMBs, resulting in the decision of adopting SPS as a stand-alone photovoltaic system rather than a company. This makes the decision of adopting renewable energy entirely different from adopting it from a company which supplies renewable energy. Hence, to fill this gap, this study investigates the acceptance behavior of SMBs in regards to acceptance and diffusion of solar photovoltaic system (SPS). It is noteworthy in a country like Pakistan which is still developing and where SMBs can get renewable energy from SPS as there are no authorized companies which supply renewable energy. In cooperation with Chinese companies, although the country has initiated some projects for renewables’ development, but production of energy is still low in comparison to the demand of country (Fatima et al., 2022; Yasir et al., 2022). According to the data of 2019, the demand of power remained approximately 1,000 TWh, but the production of renewable energy was only about 6.88 TWh (Irfan et al., 2019; Jabeen et al., 2021b). So, for the smooth transition from regular energy source to a new energy source, using a using the SPS would be a better choice. 4) The relative significance of factors affecting the acceptance of SPS by SMBs was not examined in previous studies. To formulate an effective and targeted policy, it is essential to take the relative weightage of those acceptance factors into consideration. To fill this gap, this study has assigned ranks to the driving forces and bottlenecks after the identification of their importance. All these points make this study different from the existing literature.
The core aim of this work is the identification and prioritization of the factors that motivate and demotivate the acceptance of SPS by SMBs of Pakistan. Additionally, this study adds to the present knowledge by extending various contributions: 1) it recognizes the significant factors that affect the acceptance of SPS through literature review in the context of SMBs. As a further step, to get the responses of SMBs’ managers/owners, the questionnaire is conducted. 2) To examine the significance of factors that motivate and also demotivate the acceptance of SPS, structural equation model technique is utilized. 3) To rank the predicted factors according to their importance, path coefficients and their effect sizes are utilized. 4) This study also formulated policy on the basis of core outcomes of the analysis.
The remaining of this research is organized as follows: Section 2 deals with the literature review and hypotheses development. Section 3 explains materials and methods. Section 4 details results and discussions. Finally, section 5 is based on conclusions.
2 LITERATURE REVIEW AND HYPOTHESES FORMULATION
A survey of the literature has been conducted on the factors that effect the acceptance of SPS by SMBs. Furthermore, to improve the semi-structured questionnaire, pilot conduction of the questionnaire was done.
2.1 Disposition of the SMBs
Recently, it is claimed that the employment of solar technologies by SMBs has been positively affected by the relative advantage for the environment. The study of Irfan and Ahmad (2021) in India showed that in the long run, a lot of firms gained more benefits after employing new technologies in comparison to other energy sources. Furthermore, every country should maximize its efforts to decrease pollution and SPS utilizations plays a good role in decreasing pollution rather than traditional sources of energy. Thus, in context of South Korea, the efforts to reduce pollution also affect positively on the utilization of SPS (Lee and Shepley, 2020). Ahmad et al. (2017) conducted their research in Malaysia, where a majority of SMBs’ owners that used SPS were due to their own personal choice rather than government effort. An innovative work by (Kyriakopoulos, 2011b) investigated and found that the quality enhancement of the business is exhibited from the customer satisfaction. (Aravossis et al., 2019) conducted an analysis to assess the industries’ environmental performance under the Holistic Performance Index for Environment. Their index included water, energy, waste, and pollution, and thus was considered a comprehensive measure of firms’ environmental performance. In Pakistan, Yasmin and Grundmann (2019) performed their research regarding the acceptance of biogas by the households and concluded that they were motivated to adopt it given its health-beneficial effects. The study of Jacksohn et al. (2019) showed that utilization of SPS is affected by the social responsibility of consumers towards the environmental issues. Therefore, the consumers wanted to protect the environment which motivated them to use products that are environmentally friendly. In addition, they wanted to switch to SPS from traditional energy sources. Given this, we formulated the following hypothesized relationships:
H1: Environment-related accountability is anticipated to positively affect the acceptance of SPS by SMBs.
H2: Environment-related advantages are anticipated to affect the acceptance of SPS by SMBs positively.
2.2 Technical dimensions of SPS
Acceptance of SPS is highly influenced by the technical aspect of SPS. It was found by Azarova et al. (2019) that not having enough technical knowledge negatively influenced the acceptance of energy efficient technologies, when he researched metal manufacturing firms in Italy. The main reason was that owners of SMB lacked the knowledge and skills regarding novel technological types of equipment, impeding their acceptance of such technologies. The work of (Kyriakopoulos, 2011a) studied and revealed that the worldwide economic environment was subject to drastic changes due to human as well as non-human industrial activities. The study of Nikas et al. (2020) was based on the analysis drawn by expert opinions and it concluded that insufficient technology adversely affected the consumption of green energy. In addition to that, they found that size of firms was also a driving factor. Moreover, Hai (2019) concluded that the complexity of the system demotivated the Finnish consumers from adopting green electricity.
Dobers (2019) conducted their research on SMBs of Germany and found that consumption of green energy was negatively affected by the credibility of the system as the firms wanted to have a power supply without any interruption and they had no trust that new technology will provide them that. According to Jeslin Drusila Nesamalar et al. (2017), the credibility of system means no discrepancies between a novel and mainstream energy, which results in a negative effect on the use of new technology by SMBs. Furthermore, Balsalobre-Lorente et al. (2018) observed the acceptance of energy efficient technology in the firms of Italy. Their study shows that firms were hesitant to adopt new technology as they found it difficult to gather the information and then to evaluate it in order to know whether it was beneficial for them to switch to new technology or not. Thus, the study concluded that complexity of system negatively influence the acceptance of advanced technology. In light of this, we formulated the following hypothesized relationships:
H3: Ease of using SPS is anticipated to affect the acceptance of SPS by SMBs positively.
H4: Credibility of SPS is anticipated to affect the acceptance of SPS by SMBs positively.
H5: Absence of technical skills is anticipated to have an ambiguous affect on the acceptance of SPS by SMBs.
2.3 Economic dimensions
Regarding economic parameters, price affects the decision of adopting new technology by firms and households. Burke et al. (2019) analyzed the data of Indonesia and found that the decision of adopting SPS by households was influenced by the price. It was also found that as the cost of SPS was more than the traditional energy, it affected the decision of acceptance negatively. Whereas, Yadav et al. (2020) examined the scenario of India and Indonesia regarding the acceptance of wind energy. They concluded that although the fixed investment is much higher but the generation of electricity after that is cheaper in comparison to traditional energy, so this may affect the consumption of new energy positively. In the context of Pakistan, the study of Rauf et al. (2015) shows that clean energy is perceived as an expensive commodity by the people which results in continuous reliance by the people on conventional energy rather than adopting advanced technologies. In their study, Acaroğlu and Baykul (2018) focused on the promotion of solar energy systems at the consumer level. They guided solar adoption to show its importance for the renewable energy transition in Eskisehir, Turkey. Ali et al. (2021) studied the nexus of capital budgeting approaches and revealed that cost and risk factors moderated the financial performance of renewable energy projects.
In the context of German SMBs, there are several studies present. Shahid et al. (2020) stated that utilization of SPS by large firms was hugely affected by the competitive pressure. As the technology of SPS was used by the competitor firms, it influenced those firms who were still hesitant to the acceptance of new sources of energy. The study of Groba and Cao (2014) states that the firms with lower profit margins present in competitive markets were negatively influenced in regards to the acceptance of SPS. Whereas, Eshchanov et al. (2021) claimed that acceptance of green energy relied on the available information regarding green electricity. They further added that if it was easy to find the information or gathering information related to the new technology was not costly, it would motivate the firms to accept green electricity. In view of this, we formulated the following hypothesized relationships:
H6: The cost of SPS is anticipated to have a negative effect on the acceptance of SPS by SMBs.
H7: The competitors’ pressure is anticipated to have a negative effect on the acceptance of SPS by SMBs.
2.4 Characteristics of SMBs
Past researchers have presented studies on the significance of features of SMBs in influencing their decision of accepting SPS. Solarin et al. (2021) presented their study in the context of Nigeria and stated that consumption of renewable energy is positively influenced by the size of the firm. There is more chance of larger firms adopting renewable energy than smaller firms. Strupeit and Palm (2015) conducted their research on the firms of Germany and concluded that the size of the firm significantly affected the utilization of renewables. (Kyriakopoulos, 2012) studied the management by objectives (MBO) approach and found that the mismatch between the introductory MBO approach and its real application by the firms proved harmful to the firms’ operations. Whereas, Hou et al. (2021) argued that the size of a firm negatively influenced the acceptance of green energy, as the larger the firm is, the more its energy requirement is, which leads to a higher cost of investment. Thus, making it difficult for larger firms to accept green energy. In addition, energy intensity was revealed to be an important factor in the acceptance of clean energy. As for the small firms, the consumption of energy is the main cost of production and adopting renewables can decrease their cost of production, so this influenced the acceptance of renewables positively (Oluoch et al., 2020). By conducting research on the SMB industry of India, Wang (2021) confirmed that concern towards environmental issues positively affects the consumption of renewables. After this literature review, we formulated the following hypothesized relationships:
H8: Size of the business is anticipated to affect the acceptance of SPS by SMBs positively.
H9: Environmental-related attitude is anticipated to affect the acceptance of SPS by SMBs positively.
3 MATERIALS AND METHODS
3.1 Questionnaire conduction
This research comprises a survey questionnaire which was conducted from December 2021 to February 2022 in seven districts1 (Multan, Sahiwal, Lodhran, Faisalabad, Toba Tek Singh, Jhang, and Sargodha) of the Punjab province of Pakistan. To this end, 16 tehsils2 were selected from the seven districts as the further administrative division. Furthermore, at least 10 union councils3 (sub-sub) were opted for per tehsil to choose the respondents. The study location is given in Figure 1. Respondents of questionnaires were the SMBs’ owners and managers and included both the adopters and non-adopters of SPS. To obtain the responses, owners/mangers were met in person and requested to fill the questionnaires. The contents of the questionnaires were explained to the respondents in detail to acquire accurate responses. On average, it took 1 h for owner or manager of SMBs to fill out the questionnaire. For the protection of data and privacy, all the respondents are kept anonymous.
[image: Figure 1]FIGURE 1 | Study location.
A primary questionnaire was updated after attaining the opinions of owners and managers of the firms. After the modification of the questionnaire, 845 questionnaires were filled in person by the respondents, from which accurate and properly filled questionnaires were 721. So for the analysis, 721 questionnaires were utilized. The response rate exceeded the minimum benchmark of 20% as the response rate for our questionnaire was amounted to 85.33%. Therefore, it is appropriate for investigation (Ahmad et al., 2020). Seven key factors were used to design the questionnaire. Five point Likert scales was employed to analyze the factors of questionnaire. Respondents were requested to fill the questionnaire by choosing from “1” showing “strongly disagree” to “5” showing “strongly agree.”
3.2 Measurement and structural model
The model consists of the validity of the constructs as well as the average-variance-extracted (AVE). The former determines the reliability amount regarding the accurateness of the constructs extracted from the questionnaire and how well they show the score of the population (Hair et al., 2016). For the validity of constructs, external loadings and cross-correlations are utilized. According to Ahmad et al. (2021a), an item having external loading above 0.70 can be used in the model, whereas an items with external loadings below 0.70 should be excluded from the model. It is shown in Table 1 that all the constructs have loading values above 0.70 which suggest that all the evaluated items had substantial construct validity. For the evaluation of how much variance is accounted by an item of the latent construct, Sarstedt et al. (2014) stated that AVE must exceed 0.70. It is analyzed in this study that AVE ranges between 0.790 and 0.832, showing that majority of the variations are captured by the construct (Sarstedt et al., 2016). Thus, the research’s measurement modeling has the convergent validity.
TABLE 1 | Results of measurement model.
[image: Table 1]The extent of consistency among the given components of the same latent factor is called internal consistency’s credibility. To test this, Cronbach’s alpha (CRBA) and Composite credibility (CR) is used by the researchers (Ketchen, 2013). A lot of inadequacies were found in CRBA, so many researchers used composite credibility for their analysis (Hair et al., 2014). The suggested values for CR and CRBA is at least 0.70, whereas it is shown in Table 1 that all the constructs exceed this value (Henseler et al., 2015). Considering CR, the value for all the constructs is from 0.820 to 0.899, while considering CRBA the value for all the constructs ranges from 0.800 to 0.875 and is higher than the value recommended by Sarstedt et al. (2016). This implies that sufficient credibility for internal consistency is proved for all the measurements.
Discriminant validity is defined as the degree to which a latent construct has contradictions with different unobserved factors, i.e., meaning that how much it is related to itself and how much to other factors (Hair and Babin, 2017). In other words, discriminant validity is utilized to evaluate the similarities among the measurements of constructs that have the potential of overlapping. In reference to Fornell-Larcker criteria, the loadings of items should exceed their own constructs in the model, and the AVE’s square root value of each factor in relation with other factors should be less than its reflective correlation (Henseler et al., 2015). The findings revealed in Table 2 indicates that cross-correlations have less values than the reflective correlation values of each construct. It is presumed that each construct is defined individually from others as the overall measurement model of study demonstrate required discriminant validity.
TABLE 2 | Results of discriminant validity.
[image: Table 2]4 STRUCTURAL MODEL RESULTS AND DISCUSSIONS
4.1 Structural model and results
For the evaluation of hypotheses, the bootstrap process is utilized having at least 5,000 repeted sampling. For one-tailed t-tests, the critical values that were employed are as follow: 1.84 (level of significance = 10 percent), 1.90 (level of significance = 5 percent), and 1.98 (level of significance = 1 percent), which is confirmed by several past studies (Jabeen et al., 2021a; Fatima et al., 2021; Irfan and Ahmad, 2022). Using bootstrapping method, the path coefficient’s significance revealed that except H5, all other hypotheses are relevant. Table 3 provides the path coefficients.
TABLE 3 | Results of structural modeling.
[image: Table 3]The analysis showed a positive and statistically significant effects of environment-related accountability (beta = 344, prob. < 0.05); environment-related relative advantages (beta = 0.384; prob. < 0.05); ease of using SPS (beta = 0.521; prob. < 0.10); credibility of SPS (beta = 0.481; prob. < 0.10); size of the business (beta = 0.579; prob. < 0.05); environment-related attitude (beta = 0.402; prob. < 0.01); on acceptance of SPS by SMBs. Considering this, acceptance of SPS by SMBs is influenced by these factors. Analysis also discovered a negative yet significant affect of cost of SPS (beta = −0.624; prob. < 0.10) and the competitors’ pressure (beta = −0.456; prob. < 0.10) on acceptance of SPS by SMBs. It is proved that these factors are the bottlenecks to the acceptance of SPS by SMBs. The analysis also revealed a neutral effect of the absence of technical skills on the acceptance of SPS by SMBs. The R2 (0.780) predicts 78% of the variance in acceptance of SPS by SMBs. The predictive relevance of the model is also proved as the Q2 (0.368) is higher than the threshold value of 0.35. It is found that the multicollinearity between the factors does not exist as the value of variance inflation factor (VIF) is less than ten, and it is proved for all the factors. Lastly, to verify the effect size, the f-square values are calculated.
4.2 Discussions
To sum up, the categorized driving forces of acceptance of SPS by Pakistani SMBs included the environment-related accountability, environment-related relative advantages, credibility of SPS, size of business, environment-related attitude, and customers’ preferences. However, the cost of SPS and competitors’ pressure proved to be the bottlenecks to SPS’s acceptance. Finally, the absence of technical skills discovered a neutral effect on the acceptance of SPS by Pakistani SMBs. To rank the factors influencing the acceptance of SPS by SMBs, the path coefficients’ magnitudes are used. Regarding this, the highest-ranked factor was found to be the cost of SPS, whereas the lowest-ranked factor was the absence of technical skills. Furthermore, the cost of SPS and the size of the business were classified as the top three factors affecting the acceptance of SPS by SMBs. Figure 2 depicts the ranking of those factors according to their importance. The environment-related attitude proved as a significant driving force of SPS acceptance. In this regard, the recent pioneering work of (Kyriakopoulos et al., 2020) manifested that though environmental behavior of business students affected environmental education, its translation into green consumption and active participation remained a bottleneck. The competitor’s pressure remained the bottleneck in the acceptance of SPS by SMBs. The possible explanation is that the businesses show reluctance in bearing the cost of being green and using green technologies since they are afraid of losing their market share in the hands of those running the traditional style business. A similar idea was conveyed by (Skordoulis et al., 2022), who argued that green entrepreneurship promoted Greek firms’ green process and product innovation.
[image: Figure 2]FIGURE 2 | Importance ranking of factors influencing the acceptance of SPS by SMBs.
To begin with, the foundation for developing hypotheses in this study was solid. The literature survey was used to extract elements influencing SMBs’ decision to accept SPS, followed by a pilot questionnaire conduction with a primary structure, which was revised and changed to make the actual questionnaire carried out for the best findings. Consequently, based on the concrete context, the predicted linkages were logical and justifiable. The questionnaire respondents were chosen from SMBs that account for the majority of the region’s operations. Then, because the types of businesses and local practices are more or less uniform across the province, the findings’ generalizability is justified. Furthermore, it has covered a sample large enough to represent the population of SMBs in the investigated seven districts, based on district-level research. However, when considering Pakistan’s other provinces, which have diverse cultures, the same problem limits generalization. As a result, the actions of SMBs’ managers may differ depending on the country’s cultural settings, posing a challenge to the generalization of this study’s findings. Finally, this is the first study of SPS acceptance by Pakistani SMBs in a comprehensive framework that includes a variety of driving and inhibiting factors. In this vein, this study paves the way for more research in the future. More research should be done with a large sample size across the country to account for varied responses from multi-cultural respondents. It would contribute to a better understanding of SMBs’ adoption decisions in developing countries like Pakistan. The findings can be duplicated in other settings.
5 CONCLUSION AND POLICY IMPLICATIONS
The main objective of this research is to find the factors influencing the acceptance and diffusion of SPS by SMBs in Pakistan. With the help of existing literature and a semi-structured questionnaire, the driving forces and bottlenecks were found. In addition, a structural equation model was utilized to obtain the path coefficients. This research also helps the government and policymakers to formulate a policy in order to increase the acceptance of SPS as it provides the following recommendations:
The environment-related accountability, environment-related relative advantages, credibility of SPS, size of the business, and environment-related attitude are revealed the driving forces of acceptance of SPS by SMBs in Pakistan’s Punjab province. As a result, the government must pay more attention to these issues when establishing and organizing environmental legislation and incentives in order to accelerate SPS acceptability. The expense of SPS and the pressure from competitors were then identified as obstacles to SPS acceptability. SMBs, on the other hand, have lower profit margins than major corporations; as a result, even while technical advancements have greatly lowered the cost of SPS, it remains expensive for SMBs. Furthermore, the path coefficient and size of effects results showed the importance of the SPS cost and the business size in decreasing order. These findings support the government’s need to take the aforementioned actions. Finally, the absence of technical skills was the least influential factor in SPS acceptability. It demonstrates a lack of customer knowledge of the importance of the SPS for the ecosystem, which is home to numerous types of living animals, including humans. Therefore, training of individuals for the technical skills regarding SPS is recommendable for the better public acceptability of such technologies.
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With increases in the frequency of various natural and social risks, effectively coping with uncertainty is necessary for the sustainable development of individuals and the society, particularly smallholder farmers with vulnerable livelihoods. Using survey data from farmers in China, we constructed a risk management capability index system for farmers at the individual, collective, and government levels to empirically analyze the impact of risk management on green production behavior through the Heckman model for two-stage sample selection. The results showed that risk management is a key factor affecting green production behavior. Membership status (membership in an organization), government subsidies, and income levels significantly promote green production levels. Moreover, risk management not only directly affects the green production level but also promotes green production behavior by expanding the scale of operation, improving the sense of responsibility, and enhancing the behavioral responsibility. Additionally, the mediating effect of these factors on farmers in the low-risk perception group was more obvious. Therefore, the risk management level of farmers should be improved at the individual, collective, and government levels to promote sustainable agriculture.
Keywords: risk management, green production behavior, adopt decision, degree of adoption, environmental sustainability
1 INTRODUCTION
Positive outcomes for both the economy and environment are important goals of sustainable development (Isik et al., 2021) and have been widely studied. However, diverse human activities over a long time period have damaged ecosystems and led to environmental pollution and climate change, and they have caused a “metabolic fracture” in agriculture (Rehman et al., 2021). Therefore, approaches for strengthening the protection of the agricultural ecological environment are urgently needed to achieve sustainable development. Planting is the foundation of agricultural production, and environmental protection is the key aspect for ensuring the quality, safety, and environmental sustainability of agricultural products (Wan et al., 2018). China is the most populous country worldwide, and excessive input of chemical fertilizers has greatly contributed to the agricultural growth in China, which is needed to sustain the population. However, this practice has also caused various problems, such as soil acidification, environmental pollution, and quality deterioration of agricultural products (Liu et al., 2020). In the “No. 1 Central Document of China” released in 2021, the central government stressed that rural ecological revitalization and the value of agriculture in product supply and ecological conservation should be comprehensively promoted. In this context, the green production technology represented by organic fertilizers has become important in rural revitalization and for effectively promoting environmental sustainability, particularly by replacing chemical fertilizers with organic fertilizers for growing fruits, vegetables, and tea. Green tea production is a key area for promoting the environmental sustainability of agriculture at the micro level. High fertilizer consumption increases short- and long-term carbon dioxide emissions (Rehman et al., 2022). Therefore, reducing the amount of fertilizer input through factor substitution may promote environmental sustainability at the micro level.
Risk is a ubiquitous feature of the society, particularly with the intensification of global warming, and various extreme climatic conditions have aggravated the risks associated with agricultural production. In China, small farmers are the mainstay of agricultural production, and their livelihood is relatively vulnerable because of their small production scale and low-income levels (ILs). Coupled with the general lack of risk regulation measures in the society and imperfect prevention mechanism, small farmers show low-risk management capabilities (Harrison et al., 2005; Yesuf and Bluffstone, 2009), leading to multiple and frequent agricultural risks. Organic fertilizer technology has a high input cost, long investment return period, and high effect uncertainty (Xu and Zhang, 2018). To avoid risks, farmers employ traditional agricultural technologies rather than adopting the green production technology because of certain risks (despite higher returns) (Anderson, 2003). Small farmers are critical to the green transformation of agriculture, and improving their risk management capabilities can facilitate the efficient transition of small farmers to modern agriculture.
Most farmers in China have a strong risk aversion. Additionally, because of the general lack of risk regulation measures in the society and lack of effective prevention mechanisms, the livelihood of farmers is vulnerable (Harrison et al., 2005). Farmers have limited resources and often adopt inefficient and passive risk management strategies rather than confront complex agricultural risks (Jin et al., 2015; Baffoe and Matsuda, 2018), demonstrating a lack of risk management ability (ISDR, 2004). The key to achieving sustainable livelihoods involves efforts to build a risk prevention and management system (Bertola et al., 2005). Higher income levels (ILs) can enhance risk management capabilities, thereby promoting green production behaviors (GPBs) by farmers (Fang et al., 2014). Furthermore, by reducing the dependence of outputs on inputs, membership status (MS) helps to optimize the factor input structure and improve risk management capabilities (Deng et al., 2010). As an important institutional variable, government subsidies (GS) partially fund input costs, reduce the uncertainty of technology adoption, and promote green production by farmers. Although agricultural insurance is also a risk-management tool, the function of agricultural insurance in China often deviates from its original policy goals, reducing the effectiveness of risk management for farmers (Liu and Zhong, 2019). Therefore, farmers must strengthen their risk management practices through informal mechanisms at the individual level and collective organizations, as well as formal mechanisms such as by relying on the government.
In recent years, research on sustainable development, such as green production and reducing carbon emissions, has increased. There is a long-term positive correlation between crop yield and carbon emissions; however, the crop area is significantly negatively correlated with carbon emissions (Rehman et al., 2020). Previous studies have also focused on the factors influencing farmers’ green production at multiple levels, including objective capital endowments. These endowments included MS and IL capital endowment characteristics (Liu et al., 2019; Li et al., 2022), risk appetite and risk perception (RP) (Gong et al., 2016; Ahmad et al., 2021), emotions and attitudes related to the environment (Farani et al., 2021), and technology cognition (Chen et al., 2013), which greatly impact farmers’ GPB. Additionally, the characteristics of property rights, social norms, and GS (Xu et al., 2014; Peng et al., 2021; Xie and Huang, 2021) are important external variables affecting the willingness of farmers to adopt green production technologies.
Research on the impact of risk factors, such as risk cognition and risk preference, on farmers’ GPB has recently been conducted. However, previous studies have mostly focused on the impact of risk factors on farmers’ GPB based on subjective dimensions such as RP and risk preference. Additionally, the impact of risk management (RM) on GPB from the perspective of capabilities remains unclear. Second, indicators of farmers’ risk management capabilities and the impact mechanism of risk management on GPB have not been determined. Based on the survey data of 818 farmers, we constructed an indicator system of farmers’ risk management at the individual, collective, and government levels and used the Heckman two-stage model to empirically test the impact of risk management on the farmers’ GPB. These results can be used to propose countermeasures that can improve economic and environmental development, as well as restore agricultural production and reduce the vulnerability of farmers to natural and social risks.
1.1 Theoretical Background and Hypotheses
1.1.1 Direct Impact of Risk Management on the Green Production Behavior of Farmers
Agriculture is typically a weak industry. Compared with traditional agriculture, the green production technology exhibits some risks, such as high cost, delayed effects, and intertemporal benefits. Chinese agriculture is dominated by small-scale farmers because of limited resource endowment and lack of risk regulation measures and risk prevention mechanisms. The risk management capabilities of small farmers are mostly limited as their livelihood is vulnerable to diverse and complex agricultural risks (Cao et al., 2016). Risk or uncertainty can cause decisions on green production to deviate from those predicted by the expected utility theory. Insufficient risk management capabilities and a lack of necessary risk strategies make farmers extremely vulnerable to welfare losses (Van den Berg, 2010).
Risk management refers to the strategy used by farmers to reduce, avoid, and smooth natural and social risks and uncertainties through various measures or means. Improving risk management can facilitate rational allocation of existing resources to achieve an effective balance between benefits and risks (Krysiak, 2009), and it is an important prerequisite for farmers to achieve sustainable livelihoods. Most farmers have a strong tendency to avoid risks. Coupled with the general lack of risk regulation measures in the society and imperfect risk prevention mechanism, it is difficult to overcome livelihood risks at the individual farmer level (Holzmann and Jorgensen, 2000). Therefore, improving farmers’ risk management capabilities requires efforts from farmers themselves and at the collective and government levels. Therefore, we explored the impact of farmers’ risk management on their GPBs at three levels: the IL of farmers at the individual level, membership at the collective level, and GS at the government level. IL is among the main means and the most direct and critical component of household risk management (Achiba, 2018).
Farmers’ IL determines their willingness to engage in green production and factor input behavior at each stage (Hayati et al., 2009). A higher IL improves living conditions and decreases income uncertainty (Kuang et al., 2020), and it increases the willingness of farmers to take risks such as purchasing green production materials. Second, MS at the collective level is an important factor affecting farmers’ risk management. Through internal constraints, benefit distribution, and risk compensation mechanisms, cooperatives can reduce farmers’ output dependence on factor inputs, improve risk awareness and risk management and control, help avoid and smooth agricultural production risks, and promote green production (Shah et al., 2017; Achiba, 2018). Finally, by promoting relevant technologies and establishing a subsidy system, the government has effectively alleviated information asymmetry, realized the dispersion and deep coverage of agricultural production risks, and increased farmers’ awareness of green production through economic incentives (Zhao et al., 2019; Li et al., 2021). Thus, a strong level of risk management can improve the livelihood adaptability of farmers (Jezeer et al., 2019; Kuang et al.,2020) and lead to green transformation of agriculture by optimizing the allocation of household resources. Based on the aforementioned analysis, the following assumption was made.
H0. RM can promote the GPB of farmers, which is reflected in the IL, GS, and MS to promote farmers’ GPB.
1.1.2 Indirect Impact of Risk Management on GPB of Farmers
Risk management can not only directly affect farmers’ green production levels but also promote GPB by enabling expansion of the scale of operation, enhancing the sense of responsibility (SR), and improving behavioral responsibility. Green production technology requires large investments and shows a long investment return period. In addition, the current high-quality and high-price mechanism for green agricultural production is underdeveloped, and farmers face high market and natural risks. During agricultural production activities associated with natural, technological, and market risks, farmers with different levels of risk management have different preferences for gains and losses (Arbuckle et al., 2013; Van Winsen et al., 2016). Farmers with a stronger risk management ability show lower vulnerability. Farmers can expand their operation scale based on the expected development of the agricultural industry to benefit from the scale effect of the green production technology. Second, according to Maslow’s hierarchy of needs theory, higher level motivational factors are pursued only after the most basic needs are satisfied. For farmers with a higher level of risk management, as their basic material needs are effectively met, they can consider higher level agricultural environmental protection and other issues (Zhao et al., 2018). A strong risk management ability can enhance ecological and social responsibilities and tend to have and maintain a healthy lifestyle to maintain food safety and the environment (Sulemana and James, 2014). Finally, farmers with higher risk management capabilities have strong behavioral responsibility, which can impact the GPB of surrounding farmers when information diffuses and is shared (Achiba, 2018), leading to the promotion of technology use. Based on the aforementioned analysis, the following assumption was made.
H1. RM can promote farmers’ GPB by expanding their business scale (BS) and enhancing their SR and behavioral responsibility (RB) (Figure 1).
[image: Figure 1]FIGURE 1 | Theoretical framework.
2 MATERIALS AND METHODS
2.1 Data Sources and Sample Selection
The data were obtained from the research group’s survey of farmers in Sichuan, Shaanxi, Zhejiang, and Anhui provinces in China, which was conducted from July to August 2018. These four provinces are important tea-producing areas in China, have similar climates, and have formed their own tea geographical indication brands, which are important contributors to increases in local farmers’ income and local economic development. Shaanxi and Sichuan are in the Qinba Mountains, which are less developed areas in the west. Zhejiang and Anhui are in the Huangshan Mountains, which are more developed areas in the east. Analysis of the aforementioned four provinces can improve the understanding of Chinese tea production and enable comparative analysis of western and eastern tea areas.
This research was conducted using a combination of stratified and random sampling. First, eight sample counties (districts) were selected according to the popularity and distribution of tea; second, according to the economic development level of each region, three sample townships were selected, and two to three villages were randomly selected in each township. Finally, 15–25 farmers in each village were randomly selected for analysis. To ensure the validity of the data, farmers who were mainly engaged in or familiar with tea production were selected as respondents. We mainly evaluated the GPB, personal characteristics of farmers, family characteristics, risk management, external environment, and other characteristics. Finally, 818 valid questionnaires were obtained, reaching an effective rate exceeding 98%. The study was conducted in accordance with the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the College of Economics and Management, Northwest A&F University (Ref. 212/2010). The cover page of the questionnaire clearly described the objective of the survey and confidentiality of the responses. If respondents agreed, they were requested to participate in the survey. Respondents were not granted any incentives.
2.2 Benchmark Model
Farmers’ GPB includes two stages: whether to adopt green production technology and the degree of adoption. The degree of adoption can only be observed after farmers adopt these technologies. Therefore, there is sample selection bias in the farmers’ GPB. The Heckman model can effectively solve this problem. Therefore, the following Heckman model was constructed:
Stage 1: the probit model was used to estimate the variable parameters affecting the decision-making of green production for all farmers evaluated. The model is expressed as follows:
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where y represents whether the farmer is involved in GPB; [image: image] represents the probability that the farmer adopts green production technology, given the independent variable X; [image: image] represents the standard normal cumulative distribution function; [image: image] is a constant term; j is the number of independent variables; [image: image] is the ith independent variable affecting whether farmers adopt green production technology, including RM and control variables; and [image: image] is the parameter estimated for the independent variable [image: image].
Stage 2: using the degree of green production as the explained variable, based on the sample of farming households adopting green production technology, parameters for the green production technology adoption degree are estimated using OLS. At this stage, λ (inverse Mills ratio) must be calculated to avoid sample selection bias caused by OLS estimations. The formula is as follows:
[image: image]
[image: image] and [image: image] represent the density functions of the standard normal distribution and its corresponding cumulative distribution function, respectively. By introducing λ into the second-stage equation, the following equation is obtained:
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where A represents the degree of GPB, [image: image] is a constant term, k is the number of independent variables, [image: image] represents the ith independent variable affecting the degree of GPB of farmers, [image: image] is the corresponding parameter to be estimated, and ε is a random error term.
Moreover, we used the Sobel and bootstrap tests to test the impact of risk management on adoption of the green production technology by farmers. In the Sobel test, if the z value is greater than the critical z value based on the standard normal distribution (z = estimated value of the mediating effect/the standard error of the estimated value), there is a mediating effect; otherwise, there is no mediating effect. The bootstrap test was mainly used to obtain the estimated value of the coefficient product of the corresponding sampling by sampling N times with replacement, and the estimated value was used to construct a 95% confidence interval. If the confidence interval did not contain zero, the mediating effect was considered significant (Wen and Ye, 2014).
2.3 Variable Measurement
2.3.1 GPB
Organic fertilizer technology was evaluated as a measure of farmers’ GPB, especially because the Ministry of Agriculture of China has widely promoted the replacement of chemical fertilizers with organic fertilizers for fruits, vegetables, and tea since 2017. Organic fertilizer technology optimizes the supply structure of agricultural products and ecological environment, which has become a key path to achieving environmental sustainability development at the micro level. Additionally, the application of organic fertilizers to tea is an inevitable path to maintaining a stable Chinese strategic position as one of the largest tea exporters in world trade. Behaviors related to organic fertilizer application involve two stages: application decision and application intensity. The application decision is a 0–1 variable, whereas the application intensity is measured as the proportion of organic fertilizer application per unit area.
2.3.2 Risk Management
Most farmers in China have a strong tendency to avoid risks, coupled with the general lack of risk regulation measures in the society and imperfect prevention mechanisms. Relying on informal mechanisms such as individuals, as well as collective organizations, and formal mechanisms is important for farmers to construct and improve risk management and control. According to Gao and Lu (2021) and Zhu and Lu (2018), the IL at the individual level, MS at the collective level, and GS systems at the government level are used to construct a risk management indicator system for farmers. The IL was measured as the per capita income level of the family, and MS and GS were used as binary variables. The GS in this study mainly refers to the organic fertilizer subsidy. In the actual investigation, it was found that the GS for organic fertilizers for tea farmers are in the form of physical subsidies. The government distributes organic fertilizers (mostly commercial organic fertilizers) to farmers for free through village collectives or cooperatives. Therefore, government subsidies and cash family net income are independent variables.
2.3.3 Mediating Variables
The mediating variables included BS, SR, and responsibility for behavior (RB). The scale of operation was a continuous variable, the SR was determined on a five-level Likert scale, and the RB was a binary variable. Specifically, the SR is measured as the “consideration of the safety risks of tea caused by excessive application of chemical fertilizers” and assigned values of 1–5 according to the degree of agreement (strongly disagree–strongly agree), and “whether to persuade others to adopt the green production technology” was used to measure the SR. The RB was measured (Yu et al., 2020) and assigned a value of 1 or 0, according to the answer “yes” or “no”.
2.3.4 Control Variables
Based on the research studies of Xie et al. (2021) and Wossen et al. (2015), we controlled the following variables: characteristics of farmers, including the age (AG) and education level (EL) of the head of the household; family characteristics, including the altitude (AL), family type (FT), experience capital (EC), BS, RP, and domestic workers (DW); and external characteristics, including the neighborhood effect (NE) and community publicizing effect (CP). The impact of the three regional variables on the estimated results was also controlled (Table 1).
TABLE 1 | Variable description and descriptive statistics.
[image: Table 1]3 RESULTS
3.1 Direct Impact of Risk Management on Farmers’ Green Production Behavior
Using Stata14.0 software, the multicollinearity test showed that Vif values were between 1.08 and 3.82, indicating no serious multicollinearity in the respective variables. The inverse Mills ratios in models 1 and 2 passed the significance test, indicating sample bias in the degree of GPB of farmers, and thus, the Heckman model is suitable for use (Table 2).
TABLE 2 | Benchmark regression results.
[image: Table 2]3.1.1 Risk Management
As expected, GS significantly promoted the decision to use green production. An increase in GB can help reduce information asymmetry and pressure on farmers’ own funds, effectively disperse the potential risks of new technology adoption, and stimulate farmers to increase their demand for GPB through economic incentives. An MS significantly promoted farmers’ GPB. Through internal constraints, benefit distribution, and risk compensation mechanisms, cooperatives can reduce farmers’ output dependence on factor inputs; effectively improve farmers’ risk awareness, risk management, and control capabilities; help farmers avoid and smooth agricultural production risks; and promote green production. We also showed that IL significantly affects decision-making. Thus, increasing the income of farmers is the key aspect to improving the level of green production. Farmers’ IL determines their willingness to engage in green production and factor input behavior at each stage (Hayati et al., 2009). A higher IL is associated with the choice of a larger number of livelihood strategies for farmers, lower living pressure and income uncertainty, and stronger resource availability and risk-taking ability. A low IL negatively impacts the degree of green production. The input cost of the green production technology is high, but the overall income of the sample farmers was low (24,610 yuan/person). If socially necessary, mechanisms for the risk, such as bottom-line assistance, are lacking; farmers will place greater emphasis on the benefits and risks of organic fertilizer investment, which is not conducive to increasing organic fertilizer investment (Huang, 2019). Thus, H0 was partially verified.
3.1.2 Control Variables
EC significantly affects decisions related to GPB, indicating that longer planting years are associated with a better understanding of the inter-period agricultural technology. BS significantly promoted the GPB of farmers. A larger tea planting scale reduces the cost per unit area of the green production technology. AL does not promote GPB because a higher altitude increases the difficulty of organic fertilizer application. FT and DW significantly affected decisions related to GPB because the family’s farming and hired labor increase the agricultural labor force. In addition, the NE and CP significantly affected GPB, indicating the importance of the village environment in GPB.
3.2 Indirect Impact of Risk Management on Farmers’ Green Production Behavior
To determine the impact of GS on farmers’ GPB, the Sobel test was performed. BS, SR, and RB showed significant effects and satisfied the assumption that the confidence interval did not contain zero (Table 3). These results showed that GS influence farmers’ GPB, and BS, SR, and RB have significant mediating effects. Additionally, the mediating effects of BS, SR, and RB were significant in the effect of MS on farmers’ GPB. Thus, GS and MS improve farmers’ risk management ability by expanding the operation scale, enhancing SR and environmental sentiment, and promoting technology diffusion. For the effects of IL on farmers’ GPB, the SR and BR did not pass the Sobel test and did not meet the assumption that the confidence interval does not contain zero. Although the MS passed the Sobel test, it violated the assumption that the confidence interval contained zero, indicating that the mediating effects of BS, SR, and RB were not significant in the effects of IL on farmers’ GPB. The per capita income of farmers in the sample area is low, limiting the expansion of the BS and improvement in responsibility awareness, leading to less responsible behaviors. Thus, H1 was partially verified.
TABLE 3 | Mediation test results.
[image: Table 3]3.3 Subsample Mediation Analysis
Farmers with different risk preference levels use varying risk management measures (van Winsen et al., 2016). As the impact of farmers’ risk management on GPBs may differ at different RP levels, the mediating effect was further subsampled. Because the high-quality and high-price mechanism of green production is underdeveloped, farmers’ RP of green production technology is mainly reflected in their perception of yield risk. Therefore, we used production RP as the grouping basis with the average production RP as the boundary, as well as lower and higher than the average as low-RP and high-RP, respectively. In the low-RP group, BS, SR, and RB significantly mediated the effects of GS on farmers’ GPB, whereas the results in the high-RP group were not significant (Table 4). This result may lead to the development of strategies that can increase farmers’ investment levels in green production in the context of their strong risk aversion.
TABLE 4 | Subsample mediation effect test of government subsidies.
[image: Table 4]In the low-RP group, BS, SR, and RB significantly mediated the effects of MS on farmers’ GPB, whereas the results in the high-RP group were not significant. As shown in Table 5, there were significant differences in RP in the effects of risk management on farmers’ GPB in terms of BS, SR, and behavior, and the impact of the low-RP group was more significant. This is because farmers in the low-RP group have a lower degree of loss aversion and can evaluate the potential risks of adopting the green production technology (van Winsen et al., 2016). Therefore, under certain risk management capabilities, farmers are more inclined to adopt the green production technology and avoid irrational behaviors.
TABLE 5 | Subsample mediation test of membership status.
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Excessive application of chemical fertilizers has greatly contributed to the growth of agriculture in China but has also led to soil acidification, environmental pollution in production areas, and decreased quality of agricultural products. The environment is the foundation of agricultural production, and improving the quality of the production area is important for the sustainable development of agriculture. Organic fertilizer technology has recently become the main green production technology in China because of its ability to improve soil properties and restore the environment. However, this technology is also expensive, and its effects on investment are unclear.
With global warming, agricultural production has been impacted by an increasing number of natural disasters. In addition, the large social risks represented by diseases such as COVID-19 profoundly and continuously affect agricultural production and peoples’ lives. In China, small farmers with small land scales and low ILs are the mainstay of agricultural production. When external shocks are large, farmers tend to adopt traditional methods of unsustainable investment in agricultural production because they lack risk management capabilities. Thus, from the perspective of risk governance, improving risk management is a key factor in promoting the use of modern agriculture by small farmers.
Most previous studies focused on the factors influencing green production from a subjective perspective, such as by evaluating the RP, whereas the impact on farmers’ green production from the perspective of ability has not been widely examined. Additionally, farmers’ risk management capability systems and their impact on green production are unclear. We constructed an indicator system for farmer household risk management from three dimensions—individual, collective, and government—and empirically evaluated the impact mechanism of risk management on farmers’ GPB. Risk management is a key variable affecting farmers’ GPB. Specifically, MS, GS, and ILs significantly promote farmers’ decision to adopt green production technology. Analysis of the effects of MS and GS on farmers’ GPB showed that BS, SR, and RB have significant mediating effects. Thus, risk management can directly affect and promote the GPB of farmers by expanding the scale of operation and improving farmers’ SR and BR. Therefore, the level of green production can be improved by increasing GS for green production. GS can also guide farmers to join cooperatives. In addition, the IL in the sample area was relatively low, preventing farmers from adopting the green production technology. Therefore, improving farmers’ ILs is important for promoting green production.
We further analyzed the heterogeneity of the impact of risk management on farmers’ GPB; the results are shown in Table 6. The MS and IL of farmers below the designated size significantly promoted the decision to adopt green production, whereas IL did not significantly affect the decision to adopt green production technology for farmers above the designated size. GS, MS, and IL significantly promoted the adoption of green production technology by farmers below a designated size, whereas only MS significantly promoted the adoption of green production technology by farmers above the designated size. Therefore, risk management has a greater impact on small-scale farmers than on large-scale farmers. Currently, small farmers are the main source of agricultural production in China and show strong livelihood vulnerability. Therefore, guiding these farmers to join cooperatives, increasing GS, and increasing their individual income to improve their risk management capabilities can improve green production levels. In addition, according to heterogeneity analysis of altitude, risk management did not significantly affect the GPB of farmers in low-altitude areas but significantly promoted the GPB of farmers in high-altitude areas. High-altitude tea farms have fewer pests and diseases and produce high-quality tea leaves compared to low-altitude tea farms. Organic fertilizers tend to show greater volatilization in high-altitude areas than in low-altitude areas; therefore, farmers in high-altitude areas improve the level of green production through GS and by joining cooperatives. Our conclusions provide insight for promoting ecological restoration and improving the environmental quality of agricultural production areas under the background of frequent risks and low vulnerability of farmers.
TABLE 6 | Heterogeneity analysis.
[image: Table 6]5 CONCLUSION
Risk and uncertainty are prominent phenomena in today’s society, particularly for small farmers. Farmers often adopt risk-averse strategies when facing new technology adoption, which has certain vulnerabilities (ISDR, 2004). We examined the impact of risk management on farmers’ GPB by building a risk management capability system that considers the individual, collective, and governmental levels. Our empirical results revealed that risk management is a key variable affecting farmers’ GPB. MS, GS, and ILs significantly promoted decision-making related to farmers’ GPB. However, the IL of the sample area is relatively low, limiting the ability of the farmers to protect the quality of agricultural land. These data can help the government improve the risk management ability of farmers at a practical level and reduce resistance to the diffusion of green production technology. Additionally, the MS, SR, and BR significantly mediated the effects of MS and GS on farmers’ GPB. These mediating effects were more obvious in the low-risk group than in the high-risk group. The policy implication of these results is that to avoid adverse impacts of risk preference on farmers’ adoption of green production technologies, farmers can improve their risk management capabilities and reduce their risk aversion.
Our results have several policy implications. First, we focused on improving farmers’ risk management capabilities at multiple levels. At the individual level, farmers should actively participate in agricultural and non-agricultural training, strengthen technical learning, and continuously improve their individual skills. At the collective level, it is necessary to increase support for local cooperatives, guide and attract more farmers to become members of cooperatives, and demonstrate the driving effects of cooperatives. The government should strengthen the level and scope of GS for farmers’ organic fertilizers and other green production factors, particularly for farmers in mountainous areas to obtain and purchase these fertilizers. Moreover, it is necessary to raise the market access threshold and mechanism of green production of high-quality tea at a suitable price and to increase the income of farmers involved in the tea business. Through support from local enterprises, non-agricultural opportunities for farmers will increase. Second, for farmers with strong local risk management capabilities, the government should further promote the transfer of farmland and provide relevant policy assistance to help expand their BS. Technical training and publicity for farmers with strong risk management capabilities should be emphasized to guide them to enhance their sense of social responsibility and behavior and ultimately promote the diffusion of green production technologies. Third, the intensity and frequency of technical training in the green production technology should be increased, and farmers should assess the risks of GPB to improve their green production levels. In particular, the government should aid small-scale farmers and farmers involved in green tea production in high-altitude areas.
There were some limitations to this study. We evaluated short-term farmer survey data, preventing analysis of dynamic changes in the GPB of each farmer at different times. In our further studies, we will focus on improving the resilience of farmers in the context of risk shocks and the impact of risks on production and life. Additionally, time series data will be expanded based on cross-sectional data to enhance the robustness and reliability of the measurement results.
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The adoption of e-commerce is essential in today’s dynamic business environment to optimize the overall firm performance of manufacturing SMEs. This research investigates the influence of environmental and technological factors to promote e-commerce adoption and subsequent firm performance in manufacturing SMEs. Technology usage for sustainable production is becoming a global phenomenon, though it seems less prevalent in emerging economies. Fewer studies address technology adoption issues to enhance corporate performance in Pakistani manufacturing SMEs. The present study adopted a resource-based view with the diffusion of innovation theory to formulate a research framework. We chose a stratified proportionate random sampling method to collect data by selecting four heterogeneous strata. Out of 800 distributed questionnaires, 368 top- and middle-level managers of textile, leather, sports, and surgical SMEs of Pakistan returned the questionnaire. This study employed PLS-SEM for empirical analysis. The results showed that both the technological factors’ relative advantage and technology readiness have a significant positive relationship with the use of e-commerce. However, environmental factors, i.e., competitive pressure, have an insignificant effect on e-commerce usage. Nevertheless, the government support has a significant positive effect on e-commerce usage in SMEs. Overall, e-commerce adoption depicts a positive association with firm performance.
Keywords: resource-based view, e-commerce adoption, technology readiness, environmental factors, technological factors, firm performance
1 INTRODUCTION
Despite many existing pieces of technology research, there is a research gap to link technology and innovation usage with the firm performance of SMEs (Chege and Wang, 2020). Although scholars have tested ERP adoption (Aremu, Shahzad, and Hassan, 2020), social media adoption (Ahmad and Ahmad, 2019), social commerce adoption (Braojos, Benitez, & Llorens, 2019), and the role of entreprenurial competencies in e-commerce adoption (Hussain et al., 2022). Nevertheless, the mediating influence of e-commerce between environmental technological factors and business performance is still a missing link.
In addition to the compelling body of literature, organizations concerned with environmental factors have not incorporated technology innovation into their long-term strategy and vision. However, technology adoption needs to align with the firm’s overall objective to enhance performance. Scholars explain that there are several types of innovation (e.g., business model, product, and service innovation); each one has different consequences for the business world (Dost et al., 2016).
However, the question about the association between innovation, the environment, and performance remains unanswered since the adoption of information technology (IT) across the globe. As the primary purpose, performance has historically been the most frequent measure to assess the success of an enterprise (Bellucci et al., 2020). Today, companies are recognizing environmental factors as influencing stakeholders. As a result, entities are reshaping their long-term policies with the influence of environmental factors like government support and industry pressure. In this domain, the role of large-scale organizations is encouraging (Biggeri et al., 2018) in comparison to small and medium (SMEs).
Business classifications such as small and medium-sized companies (SMEs) effectively categorize firms into groupings that range between micro and large-scale organizations. In Pakistan, small and medium-sized enterprises (SMEs) dominate companies, which account for 90 percent of all businesses. Approximately 3.2 million small and medium-sized companies (SMEs) are currently officially registered and operating in the United States of America (SMEDA, 2018). SMEs (small and medium-sized firms) in Pakistan, which account for around 40% of the country’s gross domestic product (GDP), are playing a significant role in strengthening the entire economy as a consequence (Economic Survey of Pakistan, 2018). Thus, the manufacturing sector is a substantial source of tax revenue generation. It also contributes considerably to the growth of a diverse variety of career opportunities for semi-skilled and skilled workers. Therefore, Pakistan’s government has placed a great emphasis on the success and development of large-scale industrial companies while placing less attention on the progress and development of small and medium-sized businesses (SMEs). In Pakistan, small and medium-sized enterprises (SMEs) manufacture goods in four primary categories: textiles, leather, medical instruments, and sports equipment (Nisar, 2019b).
Digital technology has changed the number of games for global businesses. Currently, the business environment has become more complex as organizations are moving towards creativity and innovation to grab the new opportunities to increase sustainable performance (Luthra, Garg, and Haleem, 2016). Currently, the world is moving towards industrial revolution 4.0, and it is also getting the attention of businesses (Bousdekis, Apostolou, & Mentzas, 2019). Among the various benefits of industry 4.0, this will lead to higher product quality by reducing manufacturing costs by having technologies such as robots, 3D printing, the internet of things (IoT), and artificial intelligence (AI) technologies into industrial value (Bousdekis et al., 2019), which eventually increases firm performance. Consequently, several scholars have found that cutting-edge technologies improve firm performance in terms of productivity and performance (DeStefano, Kneller, and Timmis, 2018; Jenab, Staub, Moslehpour, and Wu, 2019). Several scholars (Badewi, Shehab, Zeng, and Mohamad, 2018; Catherine and Abdurachman, 2018) have concluded that it lowers operational expenses by improving efficiency and effectiveness with technology usage. In a similar vein, technology adoption like e-commerce may create a competitive advantage, ultimately increasing firm performance. There have been rare studies available in emerging countries on the use of e-commerce (Amornkitvikai and Lee, 2020).
Theoretically, few studies focused on the environmental and technological dimensions of the TOE model (Depietro, Wiarda, and Fleischer, 1990) in combination with DOI and RBV theories. Moreover, e-commerce usage as a mediating variable with environmental and technological factors by using RBV and DOI theories is a unique combination. Therefore, based on the previously mentioned practical and several theoretical gaps, the present research aims to ascertain the role of environmental and technological factors in the usage of e-commerce to attain the performance of manufacturing SMEs. Specifically, it explored the indirect impact of e-commerce on firm performance, government support, relative advantage, competitive pressure, and technology readiness.
After answering the stated research objectives, this article is further categorized into five parts. Section 2 elaborated on the brief review of the compelling literature and the theoretical framework. Section 3 describes the method and development of scale. Section 4 describes the results of structural equational modeling (SEM). Lastly, Section 5 provides concluding remarks and holistic differentiation from previous publications.
2 LITERATURE REVIEW
2.1 Firm performance
Several firm specific factors are considered to influence firm performance (Akbar A. et al., 2021; Akbar M. et al., 2021). Firm performance as a concept has been discussed broadly in academic and organizational research and is equally important for large and small enterprises. In literature, firm performance has been investigated in terms of non-financial and financial performance (Schneider, Yost, Kropp, Kind, and Lam, 2018; Han and Hong, 2019). From a broader perspective, performance is measured by investment, productivity, and export participation (Seck, 2020). Similarly, the performance of an enterprise can be elaborated as a “comparison of the value created by a firm with the expected value received from the firm” (Larcker, 1983). Likewise, SMEs’ performance has been used as an indicator and considered an engine to access an economy’s growth and economic development (Arshad, Ahmad, Ali, and Khan, 2020). Moreover, the performance of SMEs is another momentous problem and plays a significant role in the management field as well as in new research areas (Nasuredin and Shamsudin, 2016).
2.2 Electronic commerce
Electronic commerce, a dynamic idea and a course of action that has fundamentally changed the way companies portray themselves (Nanehkaran, 2013), occurs through the telecommunication infrastructure, specifically the “internet.” It is also claimed that e-commerce encompasses the full system of electronically based institutional acts that support a company’s market interactions, including business records (Rayport and Jaworski, 2002). Moreover, e-commerce is continuously growing and comes with benefits missing in conventional offline business practices. In this regard, the rapid increase of the electronic market globally and the neighboring countries of Pakistan create stimuli to investigate e-commerce usage in Pakistan.
2.3 Competitive pressure
Competition Pressure implies the “degree of pressure resulting from a threat of losing a competitive advantage.” The threat of losing business firms to implement technology in their processes (Y.-H. Lin and Chen, 2017). The role of managers in the organization is a trend to move towards technology innovation, and even the new technology is inconsistent with the organization’s current resources. In literature, competitive pressure, itis mainly described as the pressure caused by competitors in the same industry (Oliveira and Martins, 2010a). Likewise, Competitive impact on the Use of the knowledge system and assist SMEs to take advantage of close rivals (Ruivo, Oliveira, and Neto, 2014; Ocloo et al., 2018). It has been considered the key factors in many studies to accept new technologies to enhance the firm’s performance (Bayo-Moriones and Lera-López, 2007; Sila, 2013).
2.4 Government support
Two major types may be separated when it comes to government help in developing nations. The first is the provision of direct support. Although the first half of the indicator is related to government facilities, it is also associated with government support and assistance in encouraging small and medium-sized enterprises (SMEs) to embrace electronic commerce as a tool for growth. Several academics have published articles supporting the idea that government financing and policies positively influence the encouragement of technological innovation. The government policies are a well-known factor for the sustainable development of a country (Manning, Boons, Von Hagen, and Reinecke (2012), as well as organizational innovativeness, are a well-established factor for the sustainable development of a country (Manning, Boons, Von Hagen, and Reinecke (2012) is unassailable (Manning, Boons, Von Hagen, and Reinecke, 2012). 2016; Bamgbade et al., 2016; Bamgbade et al., 2016). Governments in countries such as China have formed several government subsidiaries to promote enterprises at various levels in order to provide greater benefits and assistance from the government to the firms. However, because government subsidiaries are primarily focused on the innovation of major corporations (Lin and Luan, 2020), it is reasonable to look at the government’s help for small and medium-sized firms in greater depth than is currently the case.
2.5 Relative advantage
The DOI theory considers relative advantage as a more consistent predictor of technology usage (Ahmad et al., 2019; Luong and Wang, 2019). The literature reveals that organizations have identified that innovation adoption provides benefits such as the solution to the current problem or presents a new opportunity regarding production like improved operational efficiency and enhanced organizational productivity (Zhu and Kraemer, 2005). Relative advantage has been considered as an essential predictor of different technology adoption (Wang, Wang, and Yang, 2010; Almoawi and Mahmood, 2011). However, adoption studies have explained the importance of technology’s relative advantage over its rivals in achieving the strategic vision of the enterprise. Consequently, it is a more consistently used predictor in e-commerce adoption studies (Oliveira and Martins, 2010b; Awiagah, Kang, and Lim, 2016; Sin et al., 2016; Hussein, Baharudin, Jayaraman, and Kiumarsi, 2019).
2.6 Technology readiness
Technology readiness is described as “the combination of IT infrastructure and IT human resources” (Zhu and Kraemer, 2005), and both assets are required if an organization would like to use e-commerce in their small business (Oliveira and Martins, 2010b; Caputo, Cillo, Candelo, and Liu, 2019). Likewise, technology readiness is among the first issues businesses should address before adoption (Zaidi, 2017). Similarly, (Zhu and Xu 2003) found that information technology and the human skills of employees are two significant factors that can affect the technological level of an organization. In a similar context, the internet skills of the employees and IT infrastructure are also considered as the significant predictor in e-commerce usage (Kuan and Chau, 2001; Gale and Abraham, 2005). Therefore, the influence of IT infrastructure and IT human resource expertise as a combination on the use of e-commerce.
2.7 Theoretical foundation and framework
The resource-based view (RBV) theory placed a high focus on the relevance of resources in terms of increasing the performance of businesses (Penrose, 1959). In the study of Chandler (1990) and Barney (1991), RBV theory analyses corporate success in terms of resources that are diversified rather than market dominance, as opposed to traditional market dominance theory (Chen and Li, 2019). First and foremost, Barney (1991) provided a more detailed description of RBV, which included articulating two fundamental assumptions about the model. The first and foremost points of differentiation between the firm and its rivals are the assets, capabilities, processes, features, and information that it holds (heterogeneity). For the second time, the gap may continue for an extended amount of time, implying that the resources’ inertia may be sustained for an extended period.
Must-have organizational capabilities and useful assets to apply to long-term change and innovation. Thus, the success of the innovation largely depends on available resources to execute the innovation (Zhang, Sun, Yang, and Wang, 2020). Therefore, an enterprise must focus on environmental pressure and technological capacities before implementing innovations like the use of e-commerce. Moreover, Barney (1991) classified physical resources as tangible while organizational and human resources were intangible resources. According to Hwang and Min (2013), intangible resources are further categorized into internal resources (technology readiness and relative advantage) and external resources (government support and competitive pressure). Therefore, internal as technological and external as environmental resources are needed for the usage of e-commerce.
From a Diffusion of Innovation (DOI) perspective by Rogers (1995), the TOE framework investigates the environmental and technological factors (Tornatzky and Chakrabarti, 1990). The theory of DOI has been tested with several studies related to information system adoption on mobile applications, and e-learning using mobile banking apps (Mohtaramzadeh, Ramayah, and Jun-Hwa, 2018; Luong and Wang, 2019; Sheffield et al., 2019). As described by Thong and Yap (1995), technology “use” is defined as “the use of this technology to sustain company operations”. However, according to Bving and Bdker (2000), technology adoption is defined as “the utilization of innovations” as planned by the adopters (Boving and Bodker, 2003). The TOE model is also used to adopt inside a company’s internal environment (Zhang et al., 2020). To explain the adoption of new technologies in a range of contexts in the past, scientists relied on broad innovation models that were customized to specific environmental and technical factors. As a result, in the current research, innovation (in this case, the use of e-commerce) was assessed by examining two parts of the TOE model and the DOI theory to improve the efficiency of a firm’s operations and, ultimately, to gain a competitive advantage over their rival firms (Figure 1).
[image: Figure 1]FIGURE 1 | Research framework.
2.8 Hypotheses development
2.8.1 Competitive pressure relationship with the use of e-commerce
Practically, pressure from competitors resulted in losing market share, which ultimately lost the competitive advantage. Also, through competition pressure, firms are managing the faster response to customer demand, improving lead time to placing orders, and more customization will eventually lead towards performance (Zhu and Kraemer, 2005). In information communication and technology (ICT) literature, competitive pressure served as external support in the adoption process (Taylor, 2019). Likewise, e-commerce adoption/usage is regarded by many organizations as an innovation process that can accomplish a competitive advantage (Yao and Zhu, 2012). Moreover, firms should re-configure their external environment to meet the desires of the rapidly changing competition. Among the several drivers of the external environment for technology adoption, the intensity of industry pressure, the progress of the industry, and customer demand are the key factors that are beyond the firm’s control (Reynolds, Cotrino, Ifedi, and Donthu, 2020). However, an individual firm can establish a strong relationship with upstream and downstream partners to adopt technology like e-commerce (Shan et al.2019; Sila, 2013). Since the introduction of technology usage, organizations have aggressively implemented technologies for combating the challenges of the competitive environment. Also, quite a few studies have examined competitive pressure as an influencing predictor for new technology usage (Al-Qirim, 2007; Oliveira and Martins, 2010b; Amornkitvikai and Lee, 2020).
H1: CP is positively significant to the UEC.
2.8.2 Government support relationship with the use of e-commerce
The government pushes the usage of technology by providing incentives, making laws and policies, and creating IT infrastructure for skilled workers (Merhi and Ahluwalia, 2017; Mohtaramzadeh et al., 2018). Previously, several publications consider environmental regulations like government support an essential means to adopt technology, which has resulted in positive, negative, and non-significant factors for a firm’s technology adoption (Fu, Kok, Dankbaar, Ligthart, and Riel, 2018). However, in technology adoption literature, government support is an initial endeavor in both developed and under-developed regions of the globe. Based on research by Govinnage and Sachitra (2019), results showed that government support has a positive effect on SMEs in Sri Lanka. However, the government of Pakistan has developed policies for a large organization but is less focused on SMEs; thus, the influence of government support on performance is addressed in the following hypothesis:
H2: GS is positively significant to the UEC.
2.8.3 Relative advantage relationship with the use of e-commerce
DOI literature considers relative advantage as a more consistent predictor of adoption (Alatailat, et al., 2019; Luong and Wang, 2019). Moreover, previous studies on relative advantage are considered as a significant predictor for the adoption of innovation in developed countries’ SMEs, such as Turkey (Sürer and Mutlu, 2015), the United States (Grandon and Pearson, 2004; Trainor, Rapp, Beitelspacher, and Schillewaert, 2011), and Taiwan (Chen, 2004). Although the results obtained from the study conducted in developed countries cannot be implemented in developing countries because of economic, environmental, and social differences (Rahayu and Day, 2015). However, there are very few studies found in SMEs of developing countries related to relative advantage, such as Malaysia (Mohammed, Almsafir, and Alnaser, 2013; Sin et al., 2016), Indonesia (Setiowati, Daryanto, and Arifin, 2015; Ramdansyah and Taufik, 2017), India (Sharma, 2009), Kenya (Rowe, Truex, and Huynh, 2012), UAE (Ahmad, Abu Bakar, et al., 2019). Consequently, it is considered a critical factor in e-commerce adoption studies, specifically for Pakistan (Oliveira and Martins, 2010b; Hussein et al., 2019). The discussion leads to the following hypothesis:
H3: RA is positively significant to the UEC.
2.8.4 Technology readiness relationship with the use of e-commerce
Technology readiness is explained by Colby and Parasuraman (2001) as a manager’s propensity to use the latest technologies to accomplish goals. The current study combines IT infrastructure and IT skills as the definition of technology readiness to use e-commerce. The value of technological resources (IT infrastructure and IT human resources) is determined by how they work to facilitate technology adoption, like e-commerce usage (Zhang et al., 2020). Similarly, Oliveira and Martins (2010b) found technology readiness as a dominant factor in the European Union (EU) countries, particularly for the usage of e-businesses. Likewise, Ramdani et al., 2013, Chevers, and Williams (2013) found TR as a substantial measure of e-commerce use in SMEs in England. Moreover, Zhu, Kraemer, and Xu (2006) point out TR as a significant and positive relationship in electronic business adoption by organizations in Germany, France, Mexico, Brazil, China, and the United States. Therefore, it is reasonable to study the influence of technology readiness on e-commerce adoption for Pakistani SMEs.
H4: TR is positively significant to the UEC.
2.8.5 Use of e-commerce relationship with firm performance
Technology adoption like e-commerce needs some essential technology resources. Furthermore, this study will test the use of e-commerce as a mediating variable (Hassen, Rahim, and Shah, 2019). In addition, a study investigated whether a company can increase its year-to-year sales by implementing an e-commerce website. Likewise, electronic businesses also positively affect organizational performance (Sahu, 2016; Ajao, Oyebisi, and Aderemi, 2019). Additionally, it is claimed that the usage of e-commerce has a significant and positive influence on firm performance, which includes better sales, increased efficiency, productivity, and improved coordination and collaboration (as opposed to traditional methods) (Kraemer, Gibbs, and Dedrick, 2005; John and Vikitset, 2019). On the other hand, there is no relation between communication, technology, and performance (DeStefano et al., 2018). In light of the data’s discrepancy, further investigation was conducted, which led to the formation of the following hypothesis:
H5: UEC has a significantly positive relationship with FP.
2.8.6 Use of e-commerce with environmental factors and firm performance
Firms compete with their competitors industries and deal with governments (Tornatzky and Chakrabarti, 1990). Furthermore, the environmental factors include the regulatory environment, technology service providers, and industry structure (Baker, 2011). The following are the two factors (government support and competitive pressure) that have been highlighted in literature to explore their effects on technology usage.
Similarly, technology usage may affect the competitive landscape and overall business environment (Zhu and Kraemer, 2005; Al-Qirim, 2007; Oliveira and Martins, 2010b). Likewise, competitive pressure is considered an inciter to implement modern technology (Vargas-Hernández and Rosas, 2019). Thus, e-commerce usage enhances the efficient coordination of transactions, which improves firm performance.
In addition, (Zhu and Kraemer 2005) found that restrictive policies of governments cause lower IT adoption. On the other hand, it is also evidenced in previous studies that government support and incentives were found as a positive determinant factor in deciding to use technology (Elahi and Hassanzadeh, 2009; Zhu and Thatcher, 2010; Govinnage and Sachitra, 2019). Likewise, government support also positively influences e-business (Gibbs and Kraemer, 2004; Zhu and Kraemer, 2005). Similarly, Scupola (2003) concluded that internet commerce concerning government support positively relates to Italian SMEs. Therefore, the present study postulates the following hypotheses:
H6: UEC mediates the relationship between CP and FP.
H7: UEC mediates the relationship between GS and FP.
2.8.7 Mediating effects of e-commerce usage with technological factors and firm performance
In recent studies, it has been found that there is also a weak influence of technology adoption factors on firm performance (Hyung and Dedahanov, 2014; Jameel, Abdul-Karem, and Mahmood, 2017; Ali et al., 2020; Wang et al., 2020). However, several studies have suggested a need for further testing, so the current research has been investigated empirically to verify the results (Siepel et al., 2019) Zhu and Kraemer, 2002). Moreover, in the literature, the mediating effect of technological innovation like the use of e-commerce and business strategy (Tippins and Sohi, 2003; Anning-Dorson, 2018; Aydiner, Tatoglu, Bayraktar, and Zaim, 2019), also discussed a significant role of technological capabilities on firm performance (Poudel, Carter, and Lonial, 2019). Also, the relative advantage is found to be a significant predictor in taking e-commerce adoption decisions (Ifinedo, 2011; Luong and Wang, 2019; Saleem et al., 2019; Shah Alam et al., 2019 Mohd. Jani, 2011; Venkatesh and Bala, 2012; Zhu et al., 2006). Precisely, the previous literature concluded that the association fit in between information technology like e-commerce and firm performance depends on the business process, systems, and value. Thus, to understand the expressed and latent needs of the customers, allow firms” to integrate electric commerce which firm performance in following hypotheses:
H8: UEC mediates the relationship between RA and FP.
H9: UEC mediates the relationship between TR and FP.
3 MATERIALS AND METHODS
3.1 Research design, measurements, and methods
According to the government, more than 3.8 million listed businesses in Pakistan; approximately 90 percent of these organizations fall into the category of small and medium-sized enterprises (SMEDA, 2018). The SME’s share in total manufacturing is much higher and contributes 70 percent of the entire value-added products generated by manufacturing units (Nisar, 2019a). The study concluded that manufacturing SMEs in Pakistan are taking part in the country’s exports. According to the Pakistan export directory, the significant number of manufacturing SMEs registered in Pakistan is 6,561. The study population is further divided into four major manufacturing SMEs: textile SMEs, leather SMEs, sports goods SMEs, and surgical SMEs. The strata of the SMEs are listed in Table 2, which represents the industry-wise population of the current study.
The study used stratified proportionate random sampling. In this probability sampling technique, sampling units are drawn from every selected stratum (Eriksson and Kovalainen, 2015). In the present study, four strata of manufacturing SMEs are selected based on their participation in exports of the country, as shown in Table 1.
TABLE 1 | Sample size calculation based on stratified proportionate sampling.
[image: Table 1]3.2 Measures
The survey involves questionnaire items that observe phenomena by using a 7-point Likert scale from 1 as “strongly disagree” to 7 as “strongly agree”. The performance scale has been combined from two sources, which are Jaworski and Kohli (1993) and (Deshpandé and Farley 1998); the mediator construct is assessed by seven (07) items from Gibbs and Kraemer (2004). In measuring environmental factors, to measure competitive pressure, a six (06) items scale is adapted from Jaworski and Kohli (1993). Likewise, (Looi, 2005) scale items were adapted to analyze government support influence. The relative advantage and technology readiness were measured in technological factors by adapting scales from Premkumar, Ramamurthy, and Nilakanta (1994) and Molla and Licker (2005).
3.3 Data analysis and results
3.3.1 Respondent’s profile
To explains respondents’ profiles; in demographic, 23.9% of the respondents belonged to 20–30 years, the majority of the respondents belonged to the age bracket of 30–40, which were 38.5%, while 21.1% were between the age of 40–50 years, and 16.5% were above 50 years. In the gender factor, respondents from males and females are 78.2 and 21.8%, respectively. Likewise, another factor, “experience of using e-commerce,” reveals that 58.9% had an experience of 1–3 years, while 41.1% had more than three (03) years of experience. Concerning educational background, 73.5% of the respondents had a Master’s degree, while 26.5% were qualified for their graduation. Similarly, firm demographics include the industry of manufacturing SMEs. Types of SMEs belong to textile SMEs (28.8%), leather SMEs, (21.2%), sports SMEs (32.8%), and 17.2% SMEs were surgical SMEs of the manufacturing industry. Lastly, the position in the organization’s hierarchy resulted in 67.3% being held in middle-level positions while the remaining 32.7% of the respondents were from top management positions.
3.4 Multivariate skewness and kurtosis
Multivariate skewness and kurtosis analysis of available data were calculated by using web power software suggested by (Sarstedt and Hair 2017) and Cain, Zhang, and Yuan (2017). The Mardia’s multivariate skewness (β = 3.025, p < 0.01) and kurtosis (β = 61.259, p < 0.01) results are showing multivariate normality issue. Therefore, in the current study, the researchers used PLS-SEM by smartPLS software.
3.5 Assessment of the measurement model in SmartPLS
This research uses the structural equation model (SEM) with the PLS approach using SmartPLS software version 2.0 M3 Beta (Ringle et al., 2015). To assess the measurement and structural model, specifically SmartPLS 3.2.7.0 and bootstrap resampling (5,000 resamples) were used. Furthermore, all other necessary criteria of the measurement model were tested, i.e., convergent validity, discriminant validity, and measurement invariance discussed in Table 2 and Table 3.
TABLE 2 | Industry-wise sample size based on population proportionate.
[image: Table 2]TABLE 3 | Factor loading/cross-loading.
[image: Table 3]3.6 Discriminate validity
Discriminant validity refers to “the extent to which the constructs are different from one another empirically” (Ab Hamid, Sami, and Sidek, 2017). Discriminate validity can be accessed by applying three criteria: cross-loading, the Fornell and Lacker method, and a new method of Heterotrait–Monotrait ratio of correlation (HTMT). Fornell and Larker’s discriminate validity criteria propose that variables are not explaining a similar trend. Thus, Table 6 indicates that all the diagonal values are higher than the values of latent variables. Likewise, to assess the HTMT values, the two commonly used criteria are given by Kline (2015) and Gold, Malhotra, and Segars (2001), with the cut-off points HTMT.85 and HTMT.90, respectively. As indicates that identified values in Table 4 and Table 5 are below the threshold (Figure 2).
TABLE 4 | Assessment result of a measurement model.
[image: Table 4]TABLE 5 | Discriminate validity matrix.
[image: Table 5][image: Figure 2]FIGURE 2 | PLS algorithm of the measurement model.
3.7 Assessment of the structural model
The structural model profoundly relies on the underlying characteristics of multiple regression to analyze an inner model of the study, which connects latent variables, as shown in Figure 3. Providently, Table 9 shows a direct relationship between constructs, four (04) out of the five (05) hypotheses were supported in the present research. Hypothesis H1 is not supported, i.e., the direct influence of competitive pressure on the use of e-commerce (B = 0.012; T = 0.232; p < 0.408). The result demonstrates that government support positively affects e-commerce usage (B = 0.095; T = 1.848; p < 0.033), and therefore, H2 is supported. Next, relative advantage has a significant direct impact on the use of e-commerce (B = 0.545; T = 15.005; p > 0.000), and therefore, H3 is supported. Likewise, H4 is supported. Technology readiness has a direct positive impact on the use of e-commerce (B = 0.138; T = 2.570; p < 0.05). Lastly, H5 is supported, as use of e-commerce has a positive direct impact on firm performance (B = 0.766; T = 36.541; p < 0.000).
[image: Figure 3]FIGURE 3 | PLS algorithm of the structural model.
3.7.1 Assessment of coefficient of determination (R2), effect size (f2), and predictive relevance (Q2)
Cohen (1988) points out specific ranges like 0.02, 0.13, and 0.27, indicating that the coefficient of determination (R2) is showing weak, moderate, and substantial effects, respectively. Table 6 explains that the calculated values of R2 are 0.229 and 0.336, which reach moderate and substantial standards, respectively (Cohen, 1988). Moreover, the study has calculated the effect size to find out the impact on latent endogenous variables by omitting exogenous variables (Hair and Sarstedt, 2013). Likewise, Table 7 exemplifies the study’s large and small effect sizes. Also, the predictive relevance [image: image] has been measured by employing a blindfolding procedure to predict path model accuracy (Stone, 1974). The rule of thumb for the acceptance level of [image: image] value should be higher than 0 (Hair and Gudergan, 2017). In the present study, all the values of [image: image] are greater than 0, which shows that variables have sufficient predictive relevance.
TABLE 6 | Heterotrait–Monotrait ratio of correlation (HTMT).
[image: Table 6]TABLE 7 | Mediation analysis.
[image: Table 7]3.8 Mediation analysis
In the recent past, indirect effect or mediation analysis methods have become more popular. Previously, the most commonly applied method was given by Baron and Kenny (1986) in social sciences research to analyze the mediating effect. This technique was referred to as the Sobel Test. Presently, the indirect effect (mediation) is applied by using a new method called bootstrapping (Preacher and Hayes, 2008). Likewise, the bootstrapping method (5,000 sub-samples) was applied to calculate indirect effect t-values. Several scholars have pinpointed that bootstrapping is a “non-parametric resampling procedure”, that has sufficient ability to identify the required effect (Preacher and Hayes, 2008).
Consequently, Table 8 presented the results of the indirect effect of e-commerce usage in relations to competitive pressure, government support, relative advantage, and technology readiness with firm performance. Thus, it is identified that the mediation effect with β = 0.073 and a t-value of 1.718 is significant with government support. Similarly, the mediation of the use of e-commerce with relative advantage and technology readiness is explained by the significant mediation by having β = 0.417, t-value of 12.784, and β = 0.106, t-vale of 12.671, respectively. However, the mediating effect of competitive pressure is insignificant with β = -0.009 and a t-value of 0.243.
TABLE 8 | Final results.
[image: Table 8]4 RESULTS AND DISCUSSION
The study linked technology innovation usage with firm performance. This has been achieved through the two aspects of the TOE model. Thus, the first contribution was the introduction of mediation (use of e-commerce) combined with the TOE model and firm performance. The study clearly states that two distinct factors, i.e., environmental and technological, are needed to adopt the technology. The study also established a theoretical framework through the mediation effect of competitive pressure, government support, relative advantage, and technology readiness on Pakistan’s performance of manufacturing SMEs. This research shows a different mediation effect that leads to firm performance. The former studies are focused on underlying drivers that directly influence the usage of technological innovation.
However, competitive pressure does not appear to influence the use of e-commerce directly. One interesting finding is that the competitive pressure construct does not seem to have a positively significant effect on firm performance. However, the results are inline with the previous research (Oliveira and Martins, 2010b; Merhi and Ahluwalia, 2017; Mohtaramzadeh et al., 2018; Caputo et al., 2019; Luong and Wang, 2019). Notably, the research findings also have limits in the effect of competitive pressure and the performance of manufacturing SMEs. Perhaps the most significant issue in manufacturing SMEs is related to the alignment of government incentives and strategic goal formulation rather than competition pressure from the industry. SMEs seek to engage in strategic relations with other trading partners to enhance performance by considering environmental factors and regulations. In conclusion, there should be upstream and downstream participation that can serve to reduce industry prices rather than competition.
4.1 A holistic comparison of our findings with other studies
Based on convincing literature, previous academics have focused on two distinct streams of study. First and foremost, they gain insights into and identify elements that influence the adoption of information and communication technology (ICT) systems (Tutusaus and Smit, 2018). In the first place, the use of innovative technology within the current adoption context (Aremu et al., 2020). As a consequence of our research, we discovered a lack of debate about the particular use of technology, such as e-commerce, that eventually leads to increased firm performance. Consider the study (Aboelmaged, 2018), which fails to draw the relationship between sustainability and competitive capacity regarding environmental regulations and technology drivers. Based on past publications, most researchers focus on simple stratified random sampling (Zaman & Bulut, 2020). Past scholars used technology readiness as the technology readiness index (TRI) and analyzed the term as ready to adopt the technology (Ramírez ete al, 2020). But, our study focused on two specific ingredients of technology readiness: IT infrastructure and IT human skills, to explore the adoption effect. The combined effect of IT infrastructure and IT skills is rarely investigated. Also, these two resources are specifically needed in emerging countries’ SMEs.
4.2 Theoretical implications of the study
When it comes to the theoretical contribution of e-commerce use, its addition as a mediator substantially contributes to the whole picture of the situation. The RBV and the DOI, two components of the TOE model that have been linked to business performance as a result of the use of e-commerce, have made significant contributions to the literature and served as a source for extending the pool of knowledge and understanding. As a result, this research provides a developing knowledge of the issues connected with the TOE model, which generally influences the usage of electronic commerce in general.
4.3 Practical implications of the study
Because of the world’s digitization, electronic commerce is becoming increasingly important and will continue to gain in importance over time. This study, which is based on TOE variables specific to Pakistani manufacturing firms and employs the TOE framework to make it feasible for the use of e-commerce, has produced a valuable and practical set of results that can be used in the real world. According to the authors, these insights may be applied in academic and practical settings. Over the long term, it is anticipated that the performance of Pakistani manufacturing SMEs will increase due to this initiative. For these reasons, this research contributes to developing relevant guidelines for policymakers, allowing these groups of individuals to more efficiently and effectively target the adoption of e-commerce usage in Pakistani manufacturing SMEs and, by extension, manufacturing SMEs around the world.
5 CONCLUDING REMARKS
This research reveals the mediating effects of e-commerce usage, beginning with the point that a firm’s external environment and technological capabilities are indispensable factors towards e-commerce adoption and subsequent firm performance in SMEs. Environmental uncertainty is regarded as a major problem for SMEs and creates hurdles in improving performance through innovation. Using relative advantage, government support, and technology readiness to increase technology adoption directly and indirectly affects firm performance. In the present study, both the technological factors’ relative advantage and technology readiness have a significant positive relationship with the use of e-commerce.
These findings assert that firms that are proactive in technology adoption and have the requisite human resources for technology adoption outperform their counterparts. However, peer firms’ competitive pressure as an environmental variable does not significantly promote corporate innovation and e-commerce adoption in Pakistani SMEs. However, governmental support has a significant impact on the adoption of e-commerce in manufacturing SMEs. These results show that both environmental and technological factors have an influence on corporate innovation and overall firm performance. Therefore, the study concludes that, with the support of the government, there is a need for senior management’s competence related to technology usage for the smooth implementation of the innovation process in SMEs. Future studies can examine e-commerce usage in B2B, B2C, and C2C firms and their subsequent performance optimization.
Though the study context is limited to manufacturing firms. Future studies can extend this line of research by including the service and retail sectors or by examining data from developing countries. Moreover, to enhance the generalizability of the findings, further studies can consider an industry-wise comparison or cross-country comparative analysis.
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The development of the world economy has caused serious environmental pollution, which has resulted in an ecological crisis. With the acceleration of economic development, China’s ecological crisis is becoming more serious. Green technology innovation is an important driving force in realizing green economic development, and heavily polluting enterprises are the key link to cultivating green technology innovation. The Porter hypothesis holds that environmental regulation has a promoting effect on enterprises’ green technology innovation, but this is not reflected in the context of China. As a basic administrative unit, the implementation of environmental regulations in counties and districts determines the effectiveness of environmental policies. Utilizing structural equation modeling, this study analyzes the cultivation of the green technology innovation ability of heavily polluting enterprises under environmental regulations. The results show that command-based environmental regulation can effectively promote enterprises’ green technology innovation ability. Incentive-based environmental regulation needs to be strengthened to drive the development of enterprises’ “three wastes” treatment innovation ability. Voluntary environmental regulation does not effectively promote green process innovation and “three wastes” treatment innovation. In addition, enterprises’ current “three wastes” treatment innovation capacity is not enough to promote the improvement of enterprises’ green competitiveness. The results of this article show that environmental regulation is conducive to the green innovation ability of enterprises, and this promotion effect needs to be further strengthened. Moreover, the highlighted research limitations will contribute to the subsequent research work.
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1 INTRODUCTION
The Porter hypothesis believes that environmental regulation is conducive to the development of technological innovation. The current research lacks to study the impact of the implementation of environmental regulation from the perspective of county and district. At the same time, in order to cultivate the green competitiveness of enterprises, technological innovation is essential. The mechanisms between environmental regulation, technological innovation and green competitiveness have yet to been revealed. Since the first industrial revolution, the development of the world economy has been on the fast track. However, the price of development is serious damage to the environment, and the sustainability of the ecosystem is at risk. Economic globalization has brought about a serious crisis in the world’s ecological diversity (Rehman et al., 2021a, 2021b, 2021c; Rehman et al, 2022a, 2022b, 2022c, 2022d). China’s economic development also follows the same path, with rapid economic development at the cost of the ecological environment. If harmonious development between ecology and the economy cannot be achieved, Chinese economic growth will not endure, leading even to ecosystem recession. The environment has constrained the development of cities (Wang et al., 2022a; Wang et al., 2022b). Innovation can be used as a supplement to environmental policy to achieve sustainable economic development (Weimin et al., 2022). The 2019 Global Environmental Performance Index Report pointed out that Chinese air quality is ranked the fourth lowest in the world, and the contradiction between economic growth and environmental constraints is intensifying. The report of the 19th National Congress of the Communist Party of China called for the need to use the market to build a new green technology innovation ecology to drive the growth of China’s ecological economy. The green industrial development plan (2016–2020) particularly emphasized that the green technology innovation capacity has become a key link in maintaining the healthy economic development of China’s various regions.
It is necessary for ecological governance to focus on heavily polluting enterprises, which pose a serious threat to ecological and environmental protection (Yao Y et al., 2022). If the ecological harm of heavily polluting enterprises is effectively controlled, the unfavorable situation of Chinese ecological and economic development will be fundamentally reversed. Green technology innovation is the key channel for heavily polluting enterprises to mitigate the ecological risk, protect the ecological environment, and deepen green growth (Liang and Luo, 2019). Green technology innovation is thus attracting the attention of the whole of society.
In 1994, as the founders of the green technology concept, Braun and Wield (1994) asserted that green technology is the total combination of technologies, processes, and products. These authors asserted that green technology can maintain the ecological environment, reduce resource consumption, and improve production efficiency (Braun and Wield, 1994). Green technology innovation represents science and technology, as well as ecology and the economy, integrating the characteristics of “green,” “technology,” and “innovation.” The European Commission believes that green technological innovation is a comprehensive term that represents technology, processes, and products, which follows internal laws pertaining to ecological economic development. Further, green technological innovation could reduce resource consumption, improve energy efficiency, reducethreats to the ecological environment, and minimize the negative ecological effects. Among them, the “three wastes” treatment innovation ability is the focus. The “three wastes” refer to the waste water, waste gas and solid wastes produced in the production process of enterprises, which cause the greatest harm to the environment. Therefore, it is necessary to make breakthroughs and realize the harmless treatment of the three wastes as soon as possible.
In the early 1990s, Professor Michael Porter, an economist at Harvard University, analyzed the potential links between technological innovation and environmental regulation. He asserted that moderate environmental regulation can encourage enterprises to adopt advanced technology, reduce environmental costs, and implement profit maximization innovation behavior, subsequently improving enterprises’ market competitiveness (Liu et al., 2018). Technological progress is conducive to the improvement of green products, and environmental regulation is an important driving force of technological progress (Liu et al., 2020). In China, there are three views concerning the Porter hypothesis: the first believes that the technological innovation of Chinese enterprises benefits from environmental regulation; the second is that the obstacles to enterprises’ technological innovation come from environmental regulation; and the third is that it remains uncertain whether enterprise technological innovation is related to environmental regulation (Xu, 2020).
Environmental regulation is an indispensable link in establishing a green technology innovation strategy in line with the demand for market guidance (Qalati et al., 2022). Environmental regulation also reflects the internal demand and internal laws of the market economy. Lin et al. (2019) analyzed Chinese cities’ panel data and found that environmental regulation has both local and neighborhood effects in promoting green technology innovation ability, and that the latter is more significant. The diffusion effect of green policies should be brought into play to assist surrounding cities in developing a green economy (Yu et al., 2021). Miao et al. (2019), based on an unbalanced panel data study of manufacturing companies in China’s A-share listed companies, found that enterprises’ green technology innovation ability changed synchronously with the strength of local governments’environmental regulations. At the same time, government environmental regulations help enterprises to obtain external financing and improve their ability to innovate green technologies (Yu and Chen, 2015). Using listed enterprises in China’s heavy pollution industry as a sample, Nanbo (2019) found that the green attention of the senior executive team plays an intermediary effect in environmental regulation and enterprises’ green technology innovation. Xiao et al. (2020) found that the improvement of green total factor productivity in resource-based industries has benefited from the green independent innovation brought about by environmental regulation. China’s current economic development model has not brought tangible improvement to total factor productivity, indicating that reform is imperative (Li and Lin, 2017). The rapid development of industrialization and manufacturing at the cost of the environment has damaged the ability to ensure sustainable economic development (Rehman et al., 2022b).
As a large number of countries have put forward increasingly stringent environmental regulation policies, and many green innovative technologies have emerged (Herman and Xiang, 2022). Under the ecological crisis, the development of corporate social responsibility also promotes technological innovation, thus leading to green development (Javeed et al., 2021). Governments need to set policies to ensure a balance between economic growth and environmental sustainability (Rehman et al., 2022c). Environmental regulation promotes the improvement of enterprises’ green technology innovation ability and is conducive to the alleviation of ecological crises. However, the driving effect is not clear for heavily polluting enterprises. Counties and districts are the basic administrative units and are in a pivotal position in the Chinese administrative system. The environmental regulations of counties and districts do not only carry out the tasks and objectives of superior environmental regulations, but also directly stimulate or constrain the ecological behaviors of enterprises. Therefore, under the Porter hypothesis, an in-depth study of the cultivation of green competitiveness through county/district environmental regulation in heavy polluting enterprises is helpful to enhance enterprises’ competitiveness and deepen the application of environmental regulation theory.
Focusing on grass-roots administrative units, this paper explores the impact of current environmental regulations on heavily polluting enterprises. Specifically, this paper examines the green governance of heavily polluting enterprises in order to improve the ecological environment. It also aims to verify the effectiveness of the Porter hypothesis in the context of China, thus providing a theoretical basis for environmental regulation. Based on evaluating relevant documents, environmental regulation policies for Chinese enterprises are proposed, thus filling gaps in environmental regulation research in the context of counties and districts. This provides a more feasible path for the region in addressing environmental pollution. The promotion effect of different types of environmental regulations on heavily polluting enterprises’ green technology innovation ability is also verified. Finally, this paper aims to reveal the shortcomings of current environmental regulations in order for targeted improvements to be implemented.
2 LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT
According to the traditional environmental economic theory, environmental protection behavior is the burden of enterprise development and leads to synergy between social welfare and private costs. Enterprise investment in research resources helps to improve innovation capacity, but it needs government support (Ye et al., 2021). Political instability can create a crisis of ecological destruction (Adebayo, 2022a). At the same time, enterprises need to use the power of the government to achieve more comprehensive environmental governance to ensure that the behavior of individual enterprises does not damage the overall ecological environment (Yin et al., 2021). Based on the Porter hypothesis, appropriate environmental regulation has the ability to stimulate enterprises’ innovation potential and improve innovation efficiency. That could make up for the increase in production costs under environmental regulation, produce an innovative compensation effect on production costs, and subsequently generate net income.
2.1 Analysis of command-based environmental regulation on heavily polluting enterprises’ green technology innovation
Command-based environmental regulation can compulsorily cultivate heavily polluting enterprises’ green technology innovation capability (Nie et al., 2022). Improper disposal of the “three wastes” by enterprises will seriously damage the local environment (Rehman et al., 2022d). Innovation activities of enterprises are conducive to the mitigation of environmental degradation (Fareed et al., 2022). Local governments ensure the prevention and control of environmental pollution by making environmental protection decisions (Pan and Chen, 2021). The governments at all levels in China have formulated strict environmental protection systems to ensure enterprises’ ecological protection. This has entailed strict regulations on product performance, production processes, and enterprises’ “three wastes” emissions. These regulations are stringently enforced by the organs of power. There is no doubt that such mandatory measures can force enterprises to take measures to achieve green technology innovation; otherwise, they will be punished by government departments (Chen et al., 2018). Heavily polluting enterprises are the key objects of government supervision. Illegal emissions from enterprises will seriously damage the local environment (Peng et al., 2021). Command-based environmental regulation effectively stimulates enterprises’ green technology innovation. Compulsory environmental regulation has promoted the development of green innovation in enterprises (Zhong and Peng, 2022). The implementation of environmental regulations at or above the provincial level varies between counties and districts. At the same time, counties will also formulate environmental regulations adapted to their ecological environment. Therefore, different regions have different effects through environmental regulation on promoting green technology innovation. Political relations affect the performance of green innovation of enterprises (Cailou et al., 2021). Command-based environmental regulation is the foundation of the entirety of environmental regulation. It is also the basis for ensuring the progressive advancement of environmental regulation. Accordingly, we posit three hypotheses:
H1a: Command-based environmental regulation has the ability to promote heavily polluting enterprises’ green product innovation ability.
H1b: Command-based environmental regulation has the ability to promote heavily polluting enterprises’ green process innovation ability.
H1c: Command-based environmental regulation has the ability to promote heavily polluting enterprises’ “three wastes” treatment innovation ability.
2.2 Analysis of incentive-based environmental regulation on heavily polluting enterprises’ green technology innovation
Incentive-based environmental regulation has the ability to continuously maintain heavily polluting enterprises’ green technology innovation (Wang et al., 2021). Government incentives can solve the pain points of enterprise demand (Rehman et al., 2022b). Incentive-based environmental regulations, including environmental taxes, green subsidies, the system of tradable permits, etc., have been implemented successively in various regions of China. This has stimulated the vitality of heavy polluting enterprises’ green technology innovation and supplemented command-based environmental regulation. Through establishing perfect incentive treaty, the effectiveness of environmental regulation policy can be guaranteed (Tang et al., 2021). Incentive-based environmental regulation can further promote heavily polluting enterprises’ green technology innovation power in ways that command-based environmental regulation cannot. By actively taking environmental protection measures, enterprises can attract young talents and improve their innovation ability (Yao L et al., 2022). Under incentive-based environmental regulation, enterprises will take the initiative to upgrade the environmental protection requirements of products, refine green processes, and improve the efficiency of “three wastes” treatment. They can thus obtain more benefits, such as environmental tax preferences, green financial subsidies, and the right to implement emission permits (Yang et al., 2020). The implementation of incentive-based environmental regulation can realize environmental protection through technological progress (Li et al., 2019). The improvement of the environment will bring about simultaneous economic growth (Adebayo et al., 2022a, 2022b). The promotion effect of incentive-based environmental regulations is persistent. There are regional differences in the implementation quality and effect, so the impact on the green technology innovation of heavy polluting enterprises is also different. Although there are common policies, the differences in local customs require environmental regulations to be implemented precisely in accordance with local conditions (Zhang et al., 2021). At present, there is no doubt that incentive-based environmental regulation has an incentive effect, but the internal incentive structure of heavy polluting enterprises’ green technology innovation has not yet been revealed. In order to further clarify the above discussions, the following hypotheses are formulated:
H2a: Incentive-based environmental regulation has the ability to promote heavily polluting enterprises’ green product innovation ability
H2b: Incentive-based environmental regulation has the ability to promote heavily polluting enterprises’ green process innovation ability.
H2c: Incentive-based environmental regulation has the ability to promote heavily polluting enterprises’ “three wastes” treatment innovation ability.
2.3 Analysis of voluntary environmental regulation on heavily polluting enterprises’ green technology innovation
Voluntary environmental regulation has the ability to improve heavy polluting enterprises’ green technology innovation flexibly. Environmental pollution is an important reason hindering the sustainable development of society (Adebayo et al., 2022). China’s industrial system determines the massive consumption of fossil energy (Akadiri et al., 2022). Heavy polluting enterprises produce a large number of greenhouse gases in the production process, which damages the local and global environment. Therefore, technological innovation is needed to alleviate environmental pollution (Rehman et al., 2021a, 2021b, 2021c). The improvement of the environment will inevitably bring about the ecological optimization (Yao Y et al., 2022). Many uncertainty factors can affect enterprises’ green technology innovation, including environmental and technical uncertainty. Therefore, it cannot advance following the established process in a step-by-step manner; it will be interfered with by various external forces and requires flexible incentive methods. The flexible government environment system will encourage enterprises to adjust financial structure and achieve green transformation (Yang et al., 2022). In this context, voluntary environmental regulation has come into being. The development of green economy cannot be separated from the voluntary behavior of enterprises (Kolcava and Bernauer, 2021). Voluntary environmental regulation supplements command-based environmental regulation and also lays a solid foundation for the implementation of incentive-based environmental regulation (Wei and Zhang, 2020). The green technology innovation ability of many heavily polluting enterprises in China is in a critical period. Adapting to the command-based and incentive-based environmental regulations is difficult, while voluntary environmental regulation is easier to adopt. The effectiveness of voluntary environmental regulation is affected by the local industrial structure (Zhou et al., 2022). The implementation conditions, methods, and effects of voluntary environmental regulation vary greatly between the different regions in China, with different degrees of effect on heavy polluting enterprises’ green technology innovation. Based on the above discussion, three hypotheses are formulated:
H3a: Voluntary environmental regulation has the ability to promote heavily polluting enterprises’ green product innovation ability.
H3b: Voluntary environmental regulation has the ability to promote heavily polluting enterprises’ green process innovation ability.
H3c: Voluntary environmental regulation has the ability to promote heavily polluting enterprises’ “three wastes” treatment innovation ability.
2.4 Analysis of heavily polluting enterprises’ green innovation ability on green competitiveness
The seminal management scholar Peter Drucker once said that core competitiveness is the key to any enterprise. In the wake of ecological economics, green competitiveness has become the key to enterprise development. Only in accordance with the law of green economic development, enterprises can obtain the potential for sustainable development. Economic development needs to be integrated with environmental planning to achieve sustainable development (Rehman et al., 2021c). Effective environmental protection mechanism can promote technological innovation and industrial structure upgrading (Fan et al., 2022; Zhuo et al., 2022). In the green economy, the source of enterprises’ green competitiveness is green innovation ability. Any growth in green innovation ability will drive the development of enterprises’ green competitiveness (Yan et al., 2020). The development of green technology will effectively avoid the decline of market competitiveness brought about by the carbon emission trading system (Wang and Zhang, 2022). A heavily polluting enterprise’s lifeline is green technology innovation, which aims to cultivate green competitiveness (Chen et al., 2022). Meanwhile, the development of green competitiveness inversely urges the realization of green technology innovation (Zameer et al., 2021). The forms and standards of green technology innovation are different in different industries or enterprises, but the ultimate goal is the same. With the deepening of technological innovation, green technology innovation has received increasing attention in China’s heavily polluting enterprises. It has become an essential means for heavily polluting enterprises to compete in international and domestic markets. Accordingly, we posit the following hypotheses:
H4a: Heavily polluting enterprises’ green product innovation ability can promote their green competitiveness.
H4b: Heavily polluting enterprises’ green process innovation ability can promote their green competitiveness.
H4c: Heavily polluting enterprises’ “three wastes” treatment innovation ability can promote their green competitiveness.
2.5 Establishment of the research model
In this study, structural equation modeling (SEM) was chosen to comprehensively verify the research hypotheses (Ostic et al., 2021). Data indexes that lack validity and reliability can be deleted from the structural equation model to ensure data reliability. With this method, the path relationship between indicators can be displayed, and invalid paths can be quickly found according to the test results, enabling the targeted improvement of invalid paths. This study involves many variables, so the structural equation model can be used to comprehensively consider the complex relationship between these variables. According to the ideas and methods of SEM, the research model was constructed by synthesizing the research hypotheses, as shown in Figure 1, which contains three exogenous variables, four endogenous variables, and 12 causal paths.
[image: Figure 1]FIGURE 1 | Research model.
Through the structural equation model, the impact of different types of environmental regulations on the green technology innovation ability of enterprises can be clearly described, and then the improvement of green competitiveness can be achieved. With this, the government can improve its own environmental regulation policies in time according to the inspection results. At the same time, enterprises can use environmental regulation to find a way to promote their own technological innovation capabilities, so as to obtain better market competitiveness. To achieve sustainable development goals through ecological improvement is the common pursuit of the government and enterprises.
3 RESEARCH METHODOLOGY
3.1 Decomposition of elements
The elements decomposition includes three parts: the elements decomposition of county and district environmental regulation; the elements decomposition of heavily polluting enterprise technological innovation; and the elements decomposition of enterprises’ green competitiveness.
3.1.1 Elements decomposition of county and district environmental regulation
Based on existing research, the elements of command-based environmental regulation are divided into the following four indexes in this study: 1) the government has formulated clear environmental protection standards for the product performance of heavily polluting enterprises and has strictly implemented them; 2) the government has formulated clear environmental protection standards for the production processes of heavily polluting enterprises and has strictly implemented them; 3) the government has formulated clear environmental protection standards for the “three wastes” emissions of heavily polluting enterprises and has strictly implemented them; and 4) the government’s green environmental protection standards are constantly adjusted flexibly in line with changes in the internal and external environment of heavily polluting enterprises (Walter and Chang, 2020).
Based on existing research, the elements of incentive-based environmental regulation are divided into the following four indexes in this study: 1) the government’s environmental protection tax collection for heavily polluting enterprises is highly scientific, reasonable, and fair; 2) the government’s green financial subsidies for heavily polluting enterprises are highly open, targeted, and fair; 3) the government has a pollutant discharge permit system for heavily polluting enterprises with high fairness, transparency, and supervision; and 4) the government flexibly implements incentive-based environmental regulations for heavy polluting enterprises to deal with changes in the external environment (Xu and Liu, 2020; Ren et al., 2022).
Based on existing research, the elements of voluntary environmental regulation are divided into the following four indexes in this study: 1) the government attaches importance to education and publicity regarding voluntary environmental regulation for heavily polluting enterprises; 2) the government has cultivated effective ecological ethics for heavily polluting enterprises; 3) the government’s voluntary environmental regulation design for heavily polluting enterprises has high rationality, fairness, and transparency; and 4) the government constantly improves the market regulation mechanism on which voluntary environmental regulation depends (Kang et al., 2020).
3.1.2 Elements decomposition of heavily polluting enterprises’ green technology innovation
After comprehensively consulting the relevant research, we divided the green product innovation elements of heavy polluting enterprises into the following four indexes: 1) enterprises’ products meet the needs of the green market, in terms of the development concept, and contribute to the development of ecological and environmental protection; 2) in the process of storage and transportation, enterprises strictly choose green ways to meet the needs of ecological and environmental protection; 3) the application or consumption of enterprises’ products can lead to an increase in, and the development of, green consumption ideas and behaviors; and 4) corporate decision-makers attach importance to, and promote, green product innovation, and create incentive clauses that contribute to green development (You et al., 2019).
Based on existing research, the elements of green process innovation of heavily polluting enterprises are divided into the following four indexes in this study: 1) enterprises attach great importance to the design and improvement of green processes during product design; 2) enterprises in raw material procurement aim to increase the selection and use of green raw materials; 3) enterprises focus on the selection and improvement of the green performance of production equipment and safety equipment; and 4) enterprises aim to improve the use and transformation of green technology in product quality inspection and packaging (Zhang et al., 2020).
Based on existing research, the elements of the “three wastes” treatment of heavily polluting enterprises are divided into the following four indexes in this study: 1) enterprise wastewater treatment technology is constantly innovating; 2) enterprise waste gas treatment technology is undergoing continuous innovation; 3) enterprise waste residue treatment technology is undergoing continuous innovation; and 4) enterprise decision-makers attach importance to innovation in waste technology from start to finish (Wang and Yang, 2020).
3.1.3 Elements decomposition of heavily polluting enterprises’ green competitiveness
Based on existing research, the elements of heavily polluting enterprises’ green competitiveness are divided into the following four indexes in this study: 1) the green quality or characteristics of the enterprise products have been upgraded; 2) the environmental protection reputation of enterprise products has improved; 3) the green competitive advantage of enterprise products in the industry is more obvious; and 4) the strategic decision of enterprises can follow the internal laws of the green economy or ecological economy development (Cai and Teng, 2020; Hussain et al., 2022).
3.2 Sample and population
In this study, a seven-point likert scale was used to collect data, and the sample units were heavily polluting enterprises in China. To maintain the uniformity of the sample distribution, one heavily polluting enterprise was chosen in each county and district. In order to improve the quality of the data, the following three collection methods were adopted. First, an environmental regulation questionnaire regarding the county/district government environmental regulations was filled out by the enterprises. This is because enterprises can accurately judge the effectiveness and efficiency of government environmental regulation. Second, heavily polluting enterprises’ green innovation ability questionnaires were filled out by the county and district environmental protection departments. This is because the environmental protection departments can objectively judge the green technology innovation level of enterprises. Third, a questionnaire on the green competitiveness of heavily polluting enterprises was filled in by enterprises and environmental protection departments together and then averaged. This enabled a more scientific and comprehensive understanding of enterprises and environmental protection departments.
According to the list of enterprises that need to focus on environmental issues published by the State Environmental Protection Administration, there were 1,000 enterprises selected for investigation. To ensure the reliability of data, we chose heavily polluting enterprises, a high proportion of which included the chemical industry and the smelting and casting industry. The enterprises were located in seven regions of China to reflect the differences in environmental regulations. The scale of enterprises covered a wide range, because the pollution caused by small enterprises is no less than that of large enterprises, and the number of small enterprises is far greater than that of large and medium-sized enterprises. After determining the enterprise sample, the questionnaire was distributed, and 889 samples were received. Finally, 400 samples with high data quality were selected for the reliability test, validity test, and full model test. Table 1 summarizes the characteristics of the samples. Table 2 presents the data characteristics of the samples, in which the element values were obtained by averaging the values of the indexes to which the elements belong.
TABLE 1 | Sample characteristics.
[image: Table 1]TABLE 2 | Sample data characteristics.
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4.1 Model testing
Regarding the reliability and validity tests for each element, sample data (n = 400) were verified using SPSS18.0 software. The KMO value was 0.836, Bartlett’s test of sphericity value was 0.00, and the Cronbach’ α value was 0.851, indicating that the questionnaire data passes the reliability test. The index factor loading values and the goodness-of-fit indices were within the suggested range. Based on the reliability test and validity test results, SPSS18.0 and Lisrel8.0 were used to test the whole model. Table 3 presents the results of the full-model tests.
TABLE 3 | Model test results.
[image: Table 3]Test results indicated that H2c, H3b, H3c, and H4cwere not supported, while the remaining hypotheses were supported. The goodness-of-fit indicesare shown in Table 4. According to the comprehensive judgment of the degree of index compliance, the model fitting effect is considered to be good, and there is no need to modify the model.
TABLE 4 | Goodness-of-fit indices.
[image: Table 4]4.2 Model test results
The test results revealed that the environmental regulation of county and district governments in China promotes heavily polluting enterprises’ green technology innovation ability and green competitiveness. However, environmental regulation has not realized its full potential to promote green technology innovation and may hinder the growth of enterprises’ green competitiveness. Therefore, county and district environmental regulation needs to be improved.
Specifically, command-based environmental regulation is shown to be a better incentive for green technology innovation ability than incentive-based environmental regulation, while incentive-based environmental regulation is better than voluntary environmental regulation. Environmental regulation is more effective in promoting green product innovation ability than green process innovation ability, while the promotion effect of “three wastes” treatment innovation ability is the least effective. Moreover, green product innovation ability and green process innovation ability are shown to effectively promote heavily polluting enterprises’ green competitiveness, but the “three wastes” treatment innovation ability lacks the ability to promote enterprises’ green competitiveness.
In short, while deepening the incentive-based environmental regulation and voluntary environmental regulation in counties and districts, there is a need to enhance the green process innovation ability and the “three wastes” treatment innovation ability. This will allow heavily polluting enterprises’ green competitiveness to reach a higher level.
5 DISCUSSION
This paper has studied the relationship between environmental regulation and enterprises’ green technology innovation using structural equation modeling. We divided environmental regulation into three types (command-based, incentive-based, and voluntary) in order to verify the improvement effect of enterprises’ innovation ability under different paths. The path from incentive-based environmental regulation to the “three wastes” treatment innovation ability was not verified, indicating that incentive-based environmental regulation does not promote the “three wastes” treatment innovation ability. Incentive-based environmental regulation can induce enterprises to invest resources to promote production technology innovation. However, there is a lack of measures to improve enterprises’ “three wastes” treatment processes (Li et al., 2022). When subsidies are lower than investments, it is difficult for companies to invest more resources as this might damage their performance.
Voluntary environmental regulation was not shown to promote the green process innovation ability. In the development plan of an enterprise, promoting its environmental protection concept can help it build a better reputation, thus enhancing the product image. Through product innovation, the green image of the enterprise can be vividly displayed, but the production process is rarely perceived by the outside world. The existence of information asymmetry motivates enterprises to reduce their investment in production processes (Wang and Zhang, 2022). Therefore, enterprises’ voluntary environmental regulation cannot ensure the realization of green process innovation. In addition, voluntary environmental regulation was not shown to improve the “three wastes” treatment innovation ability. The “three wastes” are useless assets for enterprises, requiring the spending of resources to deal with them, which goes against the nature of enterprises to pursue maximum profits (Wu et al., 2020). Innovation in the “three wastes” treatment ability cannot bring more profits to enterprises. On the contrary, resources need to be invested in technology transformation. Enterprises will not actively realize innovation in “three wastes” treatment technology under voluntary environmental regulation.
The promotion effect of the “three wastes” treatment innovation ability on the green competitiveness of heavily polluting enterprises was not verified. The reason is that enterprises’ “three wastes” treatment ability has not been significantly improved. The current environmental regulation lacks effective guidance for enterprises’ “three wastes” treatment (Gaeta et al., 2021). This environmental regulation cannot fully change enterprises’ behavior and urgently needs to be changed.
Command-based environmental regulation was shown to encourage enterprises to achieve green technology innovation through coercive force. Incentive-based environmental regulation provides resources to carry out technological innovation by means of government subsidies to achieve green development. The absence of voluntary environmental regulation impacts enterprises, leading to the promotion effect on the development of green technology innovation not being ideal. In addition, environmental regulation was shown to have a significant promotion effect on the green innovation ability of enterprises, indicating that the current strategies implemented in grass-roots administrative units in China are more effective. According to the results of this paper, the validity of the Porter hypothesis is fully verified in China, and environmental regulation is conducive to the improvement of enterprises’ innovation ability.
6 CONCLUSION AND POLICY SUGGESTIONS
Based on the results of the model testing, a cultivation strategy for enterprises’ green competitiveness can be proposed based on counties and districts’ environmental regulations in China.
First, it is necessary to enhance the optimization of incentive-based environmental regulation in relation to the “three wastes” treatment innovation ability. At present, the improvement of the “three wastes” treatment innovation ability of heavily polluting enterprises is mainly promoted through command-based environmental regulation. Meanwhile, several means of incentive-based environmental regulation have had no obvious promotion effect. Therefore, there is a lack of improvement in enterprises’ “three wastes” treatment based on environmental tax collection, preferential environmental taxes, green fiscal subsidies, or sewage permit systems. Enterprises only deal with “three wastes” emissions according to government administrative instructions, and there is a lack the motivation for technological innovation. Therefore, the tax authorities need to appropriately increase tax incentives for “three wastes” emissions and formulate incentive rules. Financial departments should improve the subsidy method for “three wastes” emissions and formulate more precise subsidy quotas. Environmental protection departments should formulate targeted discharge permit systems for heavily polluting enterprises. Further, distinguishing heavily polluting enterprises from general enterprises is necessary. Flexible measures should be taken to improve the efficiency of the discharge permit system for heavily polluting enterprises’ “three wastes” treatment.
Second, it is necessary to enhance the optimization of green process innovation ability through voluntary environmental regulation. At present, voluntary environmental regulation in Chinese counties and districts has insufficient incentives for green technology innovation. The county and district environmental protection institutions should design voluntary environmental agreements for heavily polluting enterprises’ green process innovation, which covers process design, material procurement, product manufacturing, equipment purchase, quality inspection, and other aspects. Comparatively speaking, in order to realize green process innovation, the design of voluntary environmental regulation is more difficult than green product innovation. Because green product innovation is shown outside the product, while green process innovation is hidden inside the product, it is difficult for environmental protection departments to accurately identify green process innovation. Therefore, to obtain deep and effective incentives for heavily polluting enterprises’ green technology innovation, the county and district environmental protection departments should design and implement an in-depth analytic mechanism for green process innovation with the help of professional institutions or technical personnel. Through the development of more scientific and reasonable voluntary environmental regulations, it may be possible to achieve a breakthrough in green process innovation.
Third, there is a need to enhance the optimization of voluntary environmental regulation in relation to the “three wastes” treatment innovation ability. The design focus of voluntary environmental agreement of county and district environmental protection institutions needs to change from green product innovation to “three wastes” treatment innovation. This will increase the enthusiasm for enterprises’ “three wastes” treatment technology renovation. Voluntary environmental regulation in Western countries covers various fields, including green product innovation, green process innovation, and “three wastes” treatment innovation, but in China, it is limited to green product innovation. There is therefore great opportunity for improvement in China’s voluntary environmental regulation. Heavily polluting enterprises in China still have great potential in the reform of “three wastes” treatment technology. However, the weakness, or lack, of voluntary environmental regulation agreements inhibits the development of this potential. In order to improve the enthusiasm for enterprises’ “three wastes” treatment technology innovation, environmental protection agencies should also cooperate with professional organizations or employ professional technicians to formulate scientific and reasonable voluntary environmental agreements. This may break the situation in which voluntary environmental regulations are seen as being stuck in the past.
Fourth, it is necessary to deepen the cultivation of the “three wastes” treatment innovation ability in the context of environmental regulation. Analysis of the characteristics of the sample data reveals that the level of China’s heavy polluting enterprises’ green innovation capacity is not high. There is thus potential to promote the green competitiveness of enterprises. Among them, the “three wastes” treatment innovation ability has the greatest potential. If the innovation ability of “three wastes” treatment is upgraded to a higher level, the growth of enterprises’ green competitiveness will be greatly improved. Therefore, the improvement and perfection of environmental regulations in counties and districts can take the lead in focusing on the innovation ability of “three wastes” treatment, subsequently strengthening the promotion of the “three wastes” treatment innovation ability. At present, heavily polluting enterprises’ green technology innovation focuses on green product innovation and green process innovation, while ignoring “three wastes” treatment innovation. This situation should be changed as soon as possible to ensure that innovation in the three green technologies is synchronized.
Fifth, there is a need to deepen the cultivation of environmental regulation in relation to enterprises’ green technology innovation ability and to realize the effective linkage between counties/districts and superior units. Environmental regulation at the county/district level is responsible for promoting enterprises’ pollution prevention and control. The higher administrative units command the overall situation. When the environmental regulations of counties and districts have problems, it is necessary to adjust the strategic planning together with the superior units to ensure that the goals are more in line with reality. At present, China’s environmental regulation is generally effective, but there are some problems in certain links. The superior administrative units should adjust the policy direction according to these deficiencies, strengthen the command-based environmental regulation, change the voluntary environmental regulation provisions, and use incentive-based environmental regulations to stimulate enterprises’ enthusiasm in order to support command-based environmental regulation.
In short, the development of China’s environmental regulation has laid the foundation for the cultivation of heavy polluting enterprises’ green competitiveness. The effectiveness of environmental regulation can be brought into play by combining it with local customs. It is necessary to optimize the coercive force of command-based environmental regulation to prevent the anti-ecological protection behavior of enterprises. Through the layered design of environmental taxes, the supervision of different enterprises can be achieved. It is necessary to expand the scale and scope of government subsidies to enterprises and provide compensation for enterprises’ green innovation investment. There is a need to stipulate the period of subsidy for green technology innovation and to put pressure on enterprises while promoting their technological development. Certification is also required for the products produced by enterprises that actively develop green technology, and to set up corresponding green awards. With the active participation of government environmental protection agencies, tax authorities, financial institutions, and heavily polluting enterprises, it will be possible to realize the optimization of environmental regulation. This could achieve the aim of improving the green innovation ability, subsequently enhancing enterprises’ green competitiveness. The acquisition of green competitiveness can help achieve the technology upgrading of China’s heavy polluting enterprises. Further, it is important in completing the important task of maintaining the world’s ecological environment.
Through the research of this paper, it can be found that the power of government has natural control over the areas where the market is difficult to play a role. Profit-seeking entrepreneurs want the maximum benefit at the minimum cost, and governments can change this self-seeking behavior. This has reference significance for many fields of research. Moderate government participation will achieve better social benefits. Environmental regulation can help enterprises develop green technologies and gain new market competitiveness. Developing green economy under the premise of realizing ecological stability is an urgent goal for countries in environmental crisis. The research results of this paper can provide a feasible path for it.
7 RESEARCH LIMITATIONS AND FUTURE PROSPECTS
This study has explored the relationship between environmental regulation and the green technology innovation ability of heavy polluting enterprises using SEM. Based on the results of the model testing, it was found that the current environmental regulation policy is inadequate, and some suggestions have been proposed in this regard. However, this paper has its limitations. First, there is a lack of in-depth analysis on environmental regulation and enterprises’ green competitiveness; the formation of enterprises’ green competitiveness cannot be separated from the support of government policies. Second, without an in-depth analysis of command-based environmental regulation, mandatory orders are not all good for the development of enterprises.
Future research will be conducted from the following points. First, the improvement of environmental regulation based on enterprises’ technological innovation needs to be analyzed. The relationship between environmental regulation and enterprises’ technological innovation is not one-way but mutually reinforcing. It is necessary to adjust the direction of environmental regulation according to the development of enterprise technology. Second, research should be carried out on the innovation ability of enterprises’ “three wastes” treatment. According to the research results, the “three wastes” treatment innovation ability has not been effectively promoted. Therefore, it would be valuable to study how best to use environmental regulation to realize the development of the “three wastes” treatment innovation ability, as well as the impact of this ability on enterprises’ green development.
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Innovation is the foundation of an enterprise’s survival and development. Employee innovation is the source of enterprise innovation. Under the COVID-19 epidemic, staff innovation is crucial to whether an enterprise can transform a crisis into an opportunity. However, the negative emotions caused by the epidemic will hinder staff innovation. The influence of the COVID-19 pandemic in China was investigated from May 2020 to October 2021 by using questionnaires. This study explores the motivating mechanism and restricting factors of employees’ innovative behaviour under sudden public crisis events. The software SPSS 22.0 is used for the descriptive statistical and correlation analyses of the collected data. Enterprise managers need to study the influencing factors of employees’ innovative behaviour under the COVID-19 epidemic to solve the problem of employees’ negative emotions. Based on the statistical analysis of 639 valid questionnaires for employees of high-tech enterprises, this study explores the motivating mechanism and influencing factors of employees’ innovative behaviour from the aspects of positive psychological quality and leaders’ interpersonal emotion management. This study also uses work autonomy as a mediating variable to verify its mediating role in the process of employees’ positive psychological quality and leaders’ interpersonal emotion management on innovation behaviour. This study tested the moderating effect of employees’ perceived corporate social responsibility on the relationship between employees’ positive psychological quality, leaders’ interpersonal emotion management and innovative behaviour. Through the statistical analysis of 639 valid questionnaires of employees in high-tech enterprises, the relevant model assumptions are verified. Therefore, under the COVID-19 pandemic, enterprises should take responsibility from the aspect of caring for employees to promote the positive effect of employees’ psychological attitudes on work results. This study provides countermeasures to ensure the smooth progress of employee innovation activities.
Keywords: COVID-19, employee innovation, stimulating mechanism, restricting factors, statistical analysis
INTRODUCTION
“Adhering to innovative development” must rely on high-quality innovative talents and all-around innovative thinking. Most Chinese enterprises are in the process of rapid technological development and innovation. Hence, to obtain and maintain advantages, they must continue to innovate, explore and develop (Huang et al., 2021). Among the many elements of innovation, “innovative employees” with innovation ability and innovation motivation have become one of the most basic and active factors in the organization. It has become increasingly important for Chinese enterprises to explore the development direction of innovation. Particularly in multinational operations with multi-cultural backgrounds, how to improve the innovation power of multinational enterprises, including the innovation behaviour of employees and the innovation performance of enterprises, has become an urgent problem for enterprises (Zhang, 2020). The role of employee innovation is also an important issue that has concerned the academia and industry. Research on the influencing factors of employees’ innovative behaviour is one of the hotspots at present. It plays a positive role in promoting employees to produce innovative ideas, implement innovative ideas and improve the organizational innovation ability.
Under the effects of the COVID-19 pandemic, enterprises generally face increased pressure on production and operation. Enterprise human resource management is becoming increasingly difficult, which has a huge negative effect on employee innovation in enterprises (especially small and medium-sized enterprises) (Zou et al., 2020). Hence, to cope with the rapidly changing market environment through digital transformation, enterprises adopt new technologies, new systems and new platforms, such as shared employees, cloud office and cloud shopping guides (Bao, 2020; Xiao, 2020) to enhance organizational toughness and enhance the anti-risk ability of enterprises. Employees are the main driving force of enterprise innovation. Employee innovation is the key for enterprises to maintain a competitive advantage in a highly competitive market environment. Therefore, how to encourage and motivate employees to improve innovation performance has become an important issue of common concern in academia and business (Chen et al., 2008). Knowledge innovation, technological innovation and talent cultivation in the knowledge economy era are facing great challenges under the background of the COVID-19 pandemic. People’s psychology and work style have been greatly affected. The negative feelings and fear caused by the pandemic also have an important effect on work behaviour. Thus, to stimulate employees’ learning interest and work motivation, many high-tech enterprises are committed to the transformation and innovation of business and work modes. The enterprise shall strengthen staff training and learning, business exchange and daily management to ensure the timely updating of knowledge and technology and the smooth resumption of work and production after the epidemic. Some scholars have also began to focus on employees’ psychology and work behaviour under the effects of the pandemic, such as building employees’ work resilience model to alleviate the psychological fear caused by the pandemic (Yang et al., 2020), improving innovation performance through the improvement of leaders’ interpersonal emotion management strategies, strengthening the role of corporate responsibility in boosting employees’ coping with difficulties, etc. (He et al., 2020). Knowledge workers use professional knowledge to create wealth through mental work with the aim of providing high value-added products (Horibe, 1999). The negative emotions bred in the epidemic environment inhibit the continuity and flexibility of thinking and are not conducive to the development of innovative work (Zhang and Chun, 2020) On the contrary, a positive mental state can improve the ideological and moral levels of employees and help them set the goal of completing work with high quality (Becker, 2008) For example, maintaining a positive work attitude and a sense of humour can bring about a considerable level of performance. Enterprise employees have tenacity, which can promote the development of innovative work, which can then bring considerable economic and social benefits. Xu, (2020) analyzed the significance of implementing the innovation driven development strategy, and discussed the role of the government and the feasible measures of enterprises under the innovation driven background. Chen et al. (2021) empirically analyzed the mechanism of management innovation affecting enterprise competitive advantage based on system theory and dynamic capability theory. Xie et al. (2022) investigated the impact of the COVID-19 on enterprise innovation bias and the regulatory effect of credit financing support on the relationship between the two. Shi and Cai (2022) concluded that under the impact of the COVID-19, the inherent drawbacks of Australia’s scientific research system have further emerged, and the development of scientific and technological innovation may be in a dilemma. In the face of the pandemic crisis, the working environment has changed greatly. However, the question is whether employees flexibly and independently plan, organize and complete their work and innovate in this situation. Some differences in the incentive mechanism can also observed (Huang, 2020). We need to further clarify the constraints of the COVID-19 pandemic on innovative behaviour.
At present, China’s epidemic prevention and control have achieved phased victory. All walks of life have also gradually returned to work and production. The order of economic life has returned to the normal prevention and control stage. However, for small- and medium-sized enterprises, salary cuts, economic layoffs and development difficulties caused by the pandemic have still occurred. The psychological state of employees under the COVID-19 pandemic presents new characteristics. On the one hand, in addition to worrying about the threat of the pandemic to their health, employees also fear the occupational uncertainty brought by the changing epidemic situation and encounter obstacles to innovation. On the other hand, the technological innovation under the epidemic crisis has raised new challenges and requirements for knowledge workers. With the rapid development of emerging information technologies, such as artificial intelligence, cloud computing and big data, employees can easily feel helpless under the pressure of survival of the fittest, which can lead to negative emotions, such as employee worry, panic and anxiety (Wang et al., 2020). Negative emotions will not only inhibit the fluency and flexibility of employees’ thinking but also hinder the improvement of innovation performance. These are not conducive to the survival and development of enterprises. Because of this, how to effectively manage employees’ emotions under COVID-19 and escort enterprises’ innovative activities is particularly important. However, it is not easy for employees to manage negative emotions. As the helmsman of the enterprise, enterprise managers must take effective measures to eliminate the effects of employees’ negative emotions on innovation performance. Enterprise managers need to clarify the negative factors that affect employees’ innovative performance, thereby reducing the negative effects of COVID-19 on employees’ innovative activities (Kaplan et al., 2014). In the field of enterprise innovation and transnational operation and development, scholars have conducted research from different levels, such as technology, resources, organization and management, national and corporate culture, and formed different academic views and research schools (Ai et al., 2017). Previous studies are based mostly on a daily stable working situation, and no detailed answers to the motivating mechanisms and restrictive factors of employees’ innovative behaviour, such as COVID-19, have been explored. Thus, we construct a research model based on corporate autonomy as the mediator variable and employee perceived corporate social responsibility as the moderator variable and further explore the mechanism of positive psychological quality and leader interpersonal emotion management on employees’ innovative behaviour. The purpose is to explore the influence mechanism of COVID-19 on the innovative behaviour and the factors that influence innovation. It provides some thinking for the rational use of various factors in the development of enterprises to manage and improve employees’ innovative behaviour.
The existing research has not yet involved in the systematic research on employees’ innovative behavior under the COVID-19. In case of a public crisis, enterprises should shoulder their responsibilities to employees to promote high-quality work output. The outbreak of the COVID-19 has caused a global public health crisis that has had considerable influence and caused significant change in people’s work and life. In this context, positive psychological quality and leaders’ interpersonal emotion management are studied as the influencing factors of innovative behaviour, which highlights the importance of multiple factors to maintain and improve work efficiency in the face of the pandemic. This study also provides a new perspective for academia to explore the influencing factors of employees’ innovative behaviour in special situations. Therefore, this paper explores the influence of multiple factors on innovation behaviour under COVID-19 and explores the mediating and moderating roles of corporate autonomy and employee perceived corporate social responsibility in the impact mechanism. Finally, the incentive mechanism of COVID-19 employees’ innovative behaviour is constructed. The research conclusion can broaden and extend the research field of positive psychological quality to a certain extent and enrich the research on the effects of multiple factors, including psychological factors, on innovation behaviour. It also provides reference and thinking for China’s high-tech enterprises to cope with the effects of COVID-19, cultivate and inspire innovative talents from a psychological perspective, and achieve full recovery.
LITERATURE REVIEW AND RESEARCH HYPOTHESIS
Positive psychological quality and innovative behaviours of employees
The concept of positive psychological quality comes from positive psychology and is the its core concept. Positive psychology is a science that focuses on people’s development potential, virtues and other positive qualities. It explores the occurrence and development of human positive psychology, including positive emotional experience, positive individual personality and positive organizational system (Seligman, 2000). Positive psychology explores human potential, virtues and strength from a new perspective. Positive psychological quality puts forward two concepts: positive personality characteristics and positive quality. Positive quality describes the individual’s positive psychological characteristics and causes, which are the embodiment of excellent personality traits (Zhou and Wang, 2019). When combined with a specific virtue, positive psychology can be divided into six dimensions and 24 quality advantages (Peterson and Seligman, 2004). The six dimensions include wisdom and knowledge, courage, benevolence, justice, moderation and transcendence. These positive psychological qualities give people dynamic support and direction guidance in life and work, cherish gratitude in good times and dare to face adversity. People feel anxious when the COVID-19 pandemic became so severe and difficult to overcome. Negative emotions are manifested in doubts about reality, active abandonment of efforts and failure to ignite work motivation. Negative emotions ultimately have a serious effect on individual innovation behaviour and even team innovation performance. However, if enterprise employees can exert unremitting efforts in adversity and constantly improve themselves, it can promote the formation of resilience to achieve goals but also brings a steady stream of creativity. Innovation behaviour can be defined as a systematic and complete process composed of three stages: creation, concept promotion and implementation of creativity. Each stage of innovation behaviour has its special value (Scott and Bruce, 1994). The generation stage of innovation presents innovative ideas in the field of work. In the promotion stage of innovation, we should explain and demonstrate our new ideas to our working partners and superiors for support. The implementation stage of innovation involves putting the innovation model into practice, which is the link to verifying the new idea. Trait activation theory holds that the external situation is related closely to the formation of individual traits and can predict their corresponding behaviours in the future. The COVID-19 pandemic can be interpreted as a negative attitude to the creativity of employees. Studies have shown that job anxiety causes employees to lack the courage to deal with risks, leading to complacency at work. A negative mentality affects the formation and promotion of innovative thinking and inhibits the exertion of creativity. When the organization attaches importance to the development and utilization of employees’ positive psychological quality, it can stimulate employees’ innovative behaviour. In addition, individuals who show strong goal learning orientation and creative personality at work and individuals who show the characteristics of justice and sense of humour in interpersonal values have been proven to show more innovative behaviour.
Therefore, this paper proposes the following hypothesis:
H1: positive psychological quality can positively affect employees’ innovation behaviour.
Work autonomy and employee innovation behaviour
The research on work autonomy began in the 1960s, and its definition focuses mostly on the individual’s ability and degree of control over work. Early studies took work autonomy as a single element in the work trait model and believed that work autonomy refers to the extent to which employees can independently determine the progress of work tasks, which helps to stimulate employees’ work motivation and sense of responsibility. Some concepts posit that work autonomy is the degree to which employees can control and decide on work processes, work methods and work standards. Work autonomy is closely related to individual psychological needs. The satisfaction of this independent psychological demand is affected by the external environment and controlled by personality traits such as personality and cognition. The COVID-19 pandemic has caused employees to feel the threat of the external environment to their health and work. A lot of work is done online, and the processes and methods are no longer as clear and controllable as before. The destruction of the sense of stability causes greater pressure, resulting in mental tension and burnout, which reduces their motivation and willingness to work. Previous studies have verified the correlation between work autonomy and extroverted personality. The study found that employees with extroverted personalities are very confident in interpersonal communication. Employees with extroverted personalities can be very involved in personal work and interaction with team members, reflecting strong work autonomy and innovative output (Gursoy et al., 2011). Some studies also believe employees’ conscientious personalities can drive the development of innovative work (Simmering et al., 2003). Some scholars have also explored the role of work autonomy in promoting employees’ innovation, encouraging them to participate in decision-making to ensure their work autonomy, which can promote employees’ innovative behaviour and efficiency to a great extent.
Therefore, this paper puts forward the following hypothesis:
H2: employees’ work autonomy can positively affect employees’ innovation behaviour.
Intermediary role of work autonomy
Job autonomy is not only affected by many individual characteristics but is also a key variable affecting employees’ work behaviour and progress. When employees think they have control and autonomy over their work, they will bring a high level of innovation output (Amabile et al., 1996). The study found that when employees cannot decide what ways and methods to work by themselves, it will be detrimental to the cultivation of their creativity. Other studies have found that when the organization gives employees work autonomy, employees will have more new ideas and innovative performance. Some studies believe that giving employees the freedom to choose their working methods can stimulate their work enthusiasm and help them transform new ideas into practice. Giving employees the right to arrange their work independently has also been found to be an incentive for employees to effectively develop their creativity. In addition, the influence of work autonomy on innovation behaviour is also regulated by psychological ownership and psychological availability. Because individual traits and working conditions determine job performance, many studies have taken work autonomy, work characteristics and personality traits as antecedent variables to verify its effects on outcome variables. Existing research results show that managers not only improve employees’ environmental adaptability but also their work autonomy by integrating resources and cause employees to invest time and energy in innovation activities. In an error-tolerant management atmosphere, employees can easily form the advantageous characteristics of active learning, establish higher work goals and produce innovative behaviour through high autonomy work. These results have great enlightenment for exploring the positive psychology of employees to deal with the effects of the epidemic and the role of work autonomy on innovation behaviour. Facing the test of public health emergencies, employees can maintain a positive working attitude and good workplace interpersonal relationships. If employees work in special situations and still have freedom and controllability, it will help to promote work progress and new ideas.
Therefore, this paper puts forward the following hypothesis:
H3: work autonomy mediates the positive impact of positive psychological quality on innovation behaviour.
Moderating role of employees’ perceived corporate social responsibility
Employees’ perceived corporate social responsibility refers to employees’ subjective perception of the results of corporate social responsibility activities. Employees will be affected by the organization’s social responsibility activities and make different responses at work. At the same time, it will also reduce work anxiety and establish a positive working attitude because of the material support and psychological assistance provided by the organization. Enterprises strictly implement pandemic prevention and control measures to ensure the safety of employees and use a variety of platform measures to care for employees. At the same time, employees stick to their posts under effective prevention and control measures to ensure production, which enhances employees’ confidence in actively facing work. Similar to the social exchange theory, when employees feel that the organization is working hard for their benefit, their gratitude and reward psychology is more likely to stimulate efforts and enterprising behaviour. This constructive behaviour plays an important role in the sustainable development of the organization. As an emotional exchange between employees and organizations, employees’ enthusiastic work can produce more innovative behaviours that are beneficial to the organization. When an enterprise performs its social responsibility in a crisis and is perceived by employees, it can become a source of strong support for employees to face difficulties and challenges, form a sense of fairness and produce positive work behaviour.
Therefore, this paper puts forward the following hypothesis:
H4: employees’ perceived corporate social responsibility positively regulates the positive relationship between positive psychological quality and innovation behaviour.
Leaders’ interpersonal emotion management and employees’ innovative behaviour
During the COVID-19 pandemic, employees, as the main practitioners of enterprise innovation, play an important role in improving the overall performance of enterprise innovation. Previous studies have shown that emotion affects employees’ innovation performance. Based on the expansion and construction theory of positive emotions, positive emotions can promote the development of employees’ innovative thinking and improve innovation performance (Lin et al, 2014). On the contrary, employees with high negative emotional experiences are more likely to reduce their motivation to actively obtain innovation resources, are unwilling to face the risks and challenges brought by innovation and reduce the implementation of innovation activities (Chen and Plucker, 2014; Yao et al., 2018). Therefore, in an organization, leaders adopt appropriate interpersonal emotion management strategies to regulate employees’ negative emotions, which can promote employees to carry out innovation activities more actively and improve innovation performance. Leaders’ interpersonal emotion management refers to leaders’ intention to manage employees’ negative emotions (Lottle and Williams, 2016). When managing the negative emotions of subordinates, leaders use four strategies: situation correction, cognitive change, attention distribution and response adjustment (Grawitch and Kramer, 2003). Situational modification means leaders improve employees’ negative emotions by changing or removing situational factors that cause employees’ negative emotions. The pandemic has resulted in business difficulties. Leaders have informed employees that enterprises can alleviate the enterprise crisis through online marketing. Cognitive change means leaders stand in the perspective of employees to inspire them look at problems with a more positive attitude. The epidemic has reduced business orders and increased idle time. Leaders are encouraged to regard this time as a valuable opportunity to learn charging. Attention distribution means leaders reduce or eliminate the effects of negative emotions on employees by distracting employees’ attention. When employees feel depressed, leaders distract employees by sharing exciting stories. Response adjustment refers to leaders encouraging or requiring employees to suppress their negative emotional expressions. When employees feel anxious because of the difficulties of enterprise capital turnover, leaders still require employees to remain happy. Given the important role of employee innovation performance in achieving sustainable development, this study also focuses on the effects of leader interpersonal emotion management on employee innovation performance. Leaders’ rational use of interpersonal emotion management strategies can promote employees to implement out-of-role behaviour (Wang et al., 2020).
In the context of COVID-19, enterprises require continuous innovation to seek survival and development (Wang and Gao, 2021). Leaders adopt two interpersonal emotion management strategies: situation correction and cognitive change, which can stimulate employees’ positive reciprocity. Employees tend to improve their innovation performance and help leaders solve problems in enterprise production and operation. Leaders use two interpersonal emotion management strategies: attention distribution and response adjustment, which is easy to stimulate employees’ negative reciprocity and reduce employees’ innovation performance. Therefore, when leaders use a situation correction strategy to manage employees’ negative emotions, they can help employees solve the problems of negative emotions from the root. To repay the care and understanding of leaders, employees will be more active in innovation activities, respond to the challenges in the innovation process and improve their innovation performance. When leaders use cognitive change strategies to manage employees’ negative emotions, they will stand in the perspective of employees, help them look at problems from a more positive perspective, and reduce or eliminate negative emotions. At this time, employees perceive the care and help from leaders, which will stimulate their positive mutual motivation and strive to improve their innovation performance. Different from situation correction and cognitive change strategies, when leaders use attention distribution strategy to manage employees’ negative emotions, they just try to divert employees’ attention to help employees get rid of the troubles of negative emotions temporarily. This makes employees think that leaders are unwilling to invest relevant resources, that is, they do not benefit employees. To achieve psychological balance, employees are more inclined to maintain their work status and reduce the risks and uncertainties caused by innovation activities, to achieve self-protection. In addition, when leaders adopt response adjustment strategies to manage employees’ negative emotions, they not only ignore employees’ emotional needs but also require employees to inhibit the expression of their own negative emotions. Employees who are negatively treated by leaders will have negative psychology of reciprocity, reduce their willingness to innovate and reduce their innovation behaviour.
Therefore, this paper puts forward the following hypothesis:
H5: Leaders’ interpersonal emotion management has a positive effect on innovation behaviour.
RESEARCH METHODS
Sample and data collection
The influence of the COVID-19 pandemic in China was investigated from May 2020 to October 2021 by using questionnaires. Electronic questionnaires were used in line with the requirements for pandemic prevention and control. The survey samples were from Shanghai, Nanjing, Hangzhou and other Yangtze River Delta regions. A total of 800 questionnaires were distributed and 639 valid questionnaires were recovered, with an effective recovery rate of 79.88%. The basic information of the sample is as follows: in terms of age, men accounted for 58.6% while women accounted for 41.4%. An independent sample t-test confirmed the absence of a significant difference between the collected data on men and women in the main research variables, and thus, it does not interfere with the effectiveness of the research conclusion. In terms of age, 31.2% had ages 30 years and below, 49.6% had ages 31–40 years, 13.6% had ages 41–50 years and only 5.6% had ages 51 and above years, reflecting the younger characteristics of knowledge workers in the sample. In terms of working years, 5.2% have been working for 3 years, 41.7% had 4–8 years of work experience, 35.3% had 9–15 years of work experience and 17.8% had 16 years and above. Most employees have rich working experience. In terms of educational background, respondents with senior high school and below accounted for 2.5%, junior college accounted for 7.8%, undergraduate level accounted for 29.6% and graduate level and above accounted for 60.1%. Hence, the education level of the surveyed employees is generally high. On the whole, the samples selected in the study can represent the basic situation of high-quality employees in high-tech industries and meet the research requirements.
Variable measurement
Most of the main variables in this paper were revised following the original ideas of foreign scholars, combined with the pandemic situation and the characteristics of local high-tech enterprises. The five-level Likert scale was formed following Wang et al. (2020) and Zou et al. (2020). The surveyed employees scored consistently between the content of each item statement and the actual situation in their work. They selected between 1 and 5, and the degree of compliance increased from 1 to 5.
Positive psychological quality
The measurement of this variable draws from the results of Meng and Guan, (2009), wherein the respondents were asked to select 14 items from the positive psychological quality evaluation scale for young people. The scale was revised in combination with the work and psychological characteristics of knowledge workers. The scale has two dimensions: work-oriented positive psychological quality and interpersonal values-oriented positive psychological quality. The former includes “I am preserving,” “I am curious about new things,” “I can feel the support of my partners,” “I have careful thinking” and so on. The latter includes “I treat people sincerely and warmly,” “I am always grateful to my working partners,” “I adhere to the principle of fairness and justice,” “I am a humorous person” and so on. The Cronbach coefficient of positive psychological quality scale is 0.895, and the Cronbach coefficients of work-oriented and value-oriented positive psychological qualities are 0.914 and 0.887, respectively.
Leaders’ interpersonal emotion management
The measurement of this variable adopts the 20-question scale adapted by Lottle and Williams. (2016). An example of situation correction is “leaders will change the situational factors that have a negative effect on me at work” (the Cronbach coefficient of the scale is 0.907). An example of cognitive change is “leaders try to change my mood by changing my view of the environment” (the Cronbach coefficient of the scale is 0.882). An example of attention allocation is “leaders will divert my attention from issues that will lead to my negative emotions” (the Cronbach coefficient of the scale is 0.901). An example of response adjustment is “when I complain in front of the leader, he or she will persuade me to stop immediately” (the Cronbach coefficient of the scale is 0.899).
Work autonomy
The measurement of this variable selected three items describing work autonomy in the psychological empowerment scale developed by Spreitzer (1995), which was later revised by Li et al. (2006) according to the local situation. It includes three questions: “I have great autonomy in my work,” “I can decide how to complete my work” and “I have the opportunity to independently decide the way to complete my work.” The Cronbach coefficient of the scale is 0.816.
Perceived corporate social responsibility of employees
The measurement of this variable extracted some items from the employee perceived corporate social responsibility scale developed by Turker (2009). The scale involves the perception of corporate responsibility in four aspects: employees, consumers, social and non-social stakeholders and the government. The scale design focuses on exploring employees’ perception of corporate responsibility behaviour under the background of an epidemic situation. This paper draws lessons from Wang et al. (2020) and revises the perception dimension of employees’ social responsibility, including “enterprises provided me with a safe working environment during the epidemic,” “enterprises took feasible measures to encourage employees to improve their skills during the epidemic” and “enterprises implemented flexible policies to balance and adjust employees’ work and life during the epidemic.” The Cronbach coefficient of the scale is 0.937.
Innovation behaviour
The measurement of this variable is compiled concerning the six-item scale developed by Scott and Bruce, (1994) and the content of the theoretical model of innovative talents constructed by Zhao et al. (2012). The scale has 12 items, including the generation of innovative ideas, the demonstration and promotion of ideas and the implementation and application of ideas. Specific topics include “I often pay attention to new industry knowledge, new technology and new ideas,” “I can demonstrate new ideas with team members,” “I have a work plan for the implementation of new methods,” “I can solve problems in work with creativity,” etc. The Cronbach coefficient of the innovation behaviour scale is 0.902, and the Cronbach coefficients of the three dimensions of the generation of innovative ideas, the demonstration and promotion of ideas and the implementation and application of ideas are 0.829, 0.791 and 0.785, respectively.
Discriminant validity test
The software Amos 23.0 was used to test the discriminant validity of five factors: positive psychological quality, leaders’ interpersonal emotion management, work autonomy, employees’ perceived corporate social responsibility and innovative behaviour. The results are shown in Table 1. The fitting indices of single- and two-factor models are not ideal, and the fitting indices of three-, four- and five-factor models all meet the fitting requirements. Among them, the five-factor model has the best fitting effect (x2/DF = 2.006, GFI = 0.944, CFI = 0.953, NFI = 0.906, IFI = 0.961 and RMSEA = 0.048). The overall fitting indices of all variables meet the evaluation criteria.
TABLE 1 | Results of factor analysis of main variables.
[image: Table 1]Common method deviation inspection
To avoid the common method deviation caused by all items being filled in by the same employee, this paper focuses on not reflecting the variable name when preparing each item and explains the confidentiality of the survey data to the investigated employees in the survey process. In addition, SPSS 22.0 was used to conduct exploratory factor analysis on the collected data. Five factors were extracted after principal component analysis. The maximum common factor could explain 31.48% of the variation, not more than 50%. Table 1 also shows that the fitting degree of the five-factor model is ideal, and the common method deviation of the above data is within the acceptable range.
DATA ANALYSIS AND RESULTS
Descriptive statistics and correlation analysis
In this paper, the software SPSS 22.0 is used for the descriptive statistical and correlation analyses of the collected data. The results are shown in Table 2. The table shows that a significant positive correlation between innovation behaviour and positive psychological quality exists, and leaders’ interpersonal emotion management, work autonomy and employees’ perceived corporate social responsibility (p < 0.001). The correlation coefficients are 0.544, 0.671, 0.494 and 0.446, respectively. A significant positive relationship between positive psychological quality and leaders’ interpersonal emotion management, work autonomy and employees’ perceived corporate social responsibility work autonomy (p < 0.001) can also be observed. The correlation coefficients were 0.029, 0.586 and 0.493, respectively. A significant positive correlation between leaders’ interpersonal emotion management and job autonomy and employees’ perceived corporate social responsibility (p < 0.001) can also be seen. The correlation coefficients were 0.464 and 0.474, respectively. Job autonomy and employees’ perceived corporate social responsibility (p < 0.001) can also be found, and the correlation coefficient was 0.344. The determination of the correlation between the main variables laid a foundation for further verification of the research hypothesis.
TABLE 2 | Mean, standard deviation and correlation coefficient of variables.
[image: Table 2]Direct effect test
SPSS was used for regression analysis, taking gender, age, working years, education and industry nature as control variables to analyse the influence relationship between variables. The results are shown in Table 3. Model 2 that positive psychological quality has a significant positive impact on employees’ innovation behaviour (β = 0.442, p < 0.01), assuming that H1 is true. It can be seen from model 2 that leaders’ interpersonal emotion management has a significant positive effect on employees’ innovation behaviour (β = 0.301, p < 0.001), assuming H5 is true. In model 8, positive psychological quality has a significant positive effect on employees’ work autonomy (β = 0.436, p < 0.001). Leaders’ interpersonal emotion management has a significant positive effect on employees’ work autonomy (β = 0.309, p < 0.001). According to model 3, work autonomy has a significant positive effect on the innovation behaviour of knowledge workers (β = 0.510, p < 0.001), assuming that H2 is true.
TABLE 3 | Regression analysis results of variables.
[image: Table 3]Intermediary effect test
For the mediating role of work autonomy, this paper uses the mediating role test method proposed by Baron and Kenny, (1986) to test positive psychological quality, work autonomy and innovative behaviour. First, it tests the effects of positive psychological quality and leaders’ interpersonal emotion management on innovation behaviour. Then it examines the effects of the positive psychological quality and leaders’ interpersonal emotion management on job autonomy. Finally, we test the common effects of positive psychological quality, leaders’ interpersonal emotion management and work autonomy on innovation behaviour to observe the changes in the effects of positive psychological quality and leaders’ interpersonal emotion management on innovation behaviour. According to this method, positive psychological quality, leaders’ interpersonal emotion management, work autonomy and innovation behaviour are subjected to regression equation in the regression analysis. Model 4 in Table 3 shows that the standardization coefficient of positive psychological quality on innovation behaviour decreases from 0.442 to 0.397, which meets the requirements of the intermediary test, The standardization coefficient of leaders’ interpersonal emotion management on innovation behaviour decreased from 0.301 to 0.299, indicating that work autonomy plays a partial intermediary role in the relationship between positive psychological quality, leaders’ interpersonal emotion management and innovation behaviour. Hypothesis H3 is true.
In addition, to ensure the preciseness of the research, the mediation effect of work autonomy is verified again by using the plug-in process in SPSS. Model 4 was selected and analysed using the deviation corrected booting method, and 1000 booting times were carried out. The results show that the total effect of direct and indirect effects is 0.498. The confidence interval of work autonomy in the model of positive psychological quality and leaders’ interpersonal emotion management affecting innovation behaviour does not include 0, which further verifies the existence of the mediation effect.
Regulation effect test
This paper uses the method proposed by Wen et al. (2005) to test the regulatory role of employees’ perceived social responsibility. First, the control variables including gender, age, working years, educational background and industry nature are included in the regression equation. Second, the positive psychological quality after standardization and employees’ perceived corporate social responsibility are included in the regression equation. Finally, the interaction between the standardized positive psychological quality and employees’ perceived corporate social responsibility is included in the regression equation. Model 5 in Table 3 shows that employees’ perceived corporate social responsibility has a positive effect on innovation behaviour (β = 0.392, p < 0.001). Model 6 shows the interaction between positive psychological quality and employees’ perceived corporate social responsibility has a significant effect on innovation behaviour (β = 0.322, p < 0.001). The interaction between leaders’ interpersonal emotion management and employees’ perceived corporate social responsibility has a significant impact on innovation behaviour (β = 0.0.234, p < 0.001). Thus, H4 is verified.
Through the regulation effect diagram, this paper intuitively shows the regulation effect of employees’ perceived corporate social responsibility on the positive relationship between positive psychological quality, leaders’ interpersonal emotion management and innovation behaviour. Figure 1 shows that compared with the lower degree of corporate social responsibility perception, the positive effect of employees’ positive psychological quality on innovation behaviour is more significant under the condition of the higher degree of corporate social responsibility perception, which shows that employees’ perceived corporate social responsibility plays a regulatory role between positive psychological quality and innovation behaviour. Similarly, as shown in Figure 2, leaders’ interpersonal emotion management has a more significant positive effect on innovation behaviour, indicating that employees’ perceived corporate social responsibility plays a regulatory role between leaders’ interpersonal emotion management and innovation behaviour.
[image: Figure 1]FIGURE 1 | The moderating effect of employees’ perceived corporate social responsibility (EPCSR) on the relationship between positive psychological quality (PPP)) and Innovative behavior (IB).
[image: Figure 2]FIGURE 2 | The moderating effect of employees’ perceived corporate social responsibility (EPCSR) on the relationship between leaders’ interpersonal emotion management (LIEM) and Innovative behavior (IB).
Robustness test
This paper adopts the method of replacing the explained variables to test the robustness and ensure the reliability of the research results and the scientific rationality of the model. Because the contents of innovative products and technologies, knowledge discovery, innovative workflow and working atmosphere involved in innovation performance are similar to the connotation of innovation behaviour, innovation performance is often studied as the outcome variables of work happiness, psychological capital, psychological contract and other variables in the fields of management and organizational behaviour. Therefore, according to the research needs, this paper selects the innovation performance of employees to replace the innovation behaviour of knowledge employees for a robustness test.
The regression results are shown in Table 4. Model 2 shows that positive psychological quality can positively affect employees’ innovation performance (β = 0.507, p < 0.001). Leaders’ interpersonal emotion management can positively affect employees’ innovation performance (β = 0.424, p < 0.001). Model 3 shows that job autonomy can positively affect employees’ innovation performance (β = 0.442, p < 0.001). Model 5 also confirms that employees’ perceived corporate social responsibility can positively affect employees’ innovation performance (β = 0.456, p < 0.001). Model 4 shows that the integration effect of positive psychological quality and work autonomy is positively correlated with innovation performance, and the regression coefficient decreases slightly when it is significantly positive (β = 0.501, p < 0.01). The integration effect of leaders’ interpersonal emotion management and work autonomy is positively correlated with innovation performance, and the regression coefficient decreases slightly when it is significantly positive (β = 0.340, p < 0.01) from Model 6, it can be seen that the interactive items of positive psychological quality and employees’ perceived corporate social responsibility are significantly positively correlated with innovation performance (β = 0.326, p < 0.001). The interactive items of leaders’ interpersonal emotion management and employees’ perceived corporate social responsibility are significantly positively correlated with innovation performance (β = 0.220, p < 0.001). Therefore, the direct effect and indirect effect of this paper are still valid, indicating that the research conclusion of this paper is stable.
TABLE 4 | Results of robustness test.
[image: Table 4]RESEARCH CONCLUSIONS
Under the background of the COVID-19 pandemic, this paper studies the motivating mechanism and influencing factors of innovative behaviour of employees from the aspects of positive psychological quality and leader’s interpersonal emotion management. At the same time, taking work autonomy as the mediating variable, this paper verifies its mediating role on the effects of enterprise employees’ positive psychological quality and leaders’ interpersonal emotion management on innovation behaviour. Taking employees’ perceived corporate social responsibility as the regulatory variable, this paper verifies its regulatory role in the relationship between employees’ positive psychological quality, leaders’ interpersonal emotion management and innovation behaviour. Through the statistical analysis of 639 valid questionnaires of employees in high-tech enterprises, the relevant model assumptions are verified, and the following conclusions are drawn.
Positive psychological quality and leaders’ interpersonal emotion management have a significant positive effect on employees’ innovative behaviour. This result shows that enterprise employees can adopt positive coping styles to overcome difficulties, especially during the epidemic prevention and control period, and they can adapt to the new work rhythm and maintain innovation enthusiasm to produce innovative behaviours. Leaders’ interpersonal emotion management helps enterprise employees establish the principles of optimism, altruism and cooperation at work, to promote the promotion of new ideas and the output of innovative achievements.
Positive psychological quality and leaders’ interpersonal emotion management can have a positive effect on innovation behaviour through work autonomy. The personal ability, interest and attitude covered by the positive psychological quality and the advantages shown in work can bring high enthusiasm, initiative and high efficiency. Leaders’ interpersonal emotion management creates a good atmosphere for the resumption of work and production, improves innovation ability and helps innovation behaviour.
Employees’ perceived corporate social responsibility can positively regulate the relationship between positive psychological quality, leaders’ interpersonal emotion management and innovation behaviour. The higher the employees’ perception of corporate social responsibility, the stronger the positive effect of positive psychological quality on innovation behaviour. The more deeply employees feel the leader’s interpersonal emotion management during the pandemic, the easier it is to help them reduce the sense of helplessness and anxiety caused by the pandemic when they create a safe working environment, care about psychological demands and pay attention to career development. Leaders’ interpersonal emotion management can establish a positive attitude of employees to face work and life and finally bring innovative performance.
PRACTICAL IMPLICATIONS
Enterprises that have felt the effects of the COVID-19 pandemic should pay attention to the cultivation of knowledge workers’ positive psychological quality and enhance their psychological skills through management innovation. Enterprise managers should strengthen emotional management, make employees respond actively to difficulties at work, design work guidelines during the epidemic and avoid or alleviate the stress response when the epidemic occurs. Moreover, the management of team morale during the pandemic should be strengthened, stimulate employees’ work enthusiasm, initiative and creativity, and make them full of courage and strength to face the work under the pandemic. A team communication platform should be built and innovative work modes, methods and achievements should be promoted to respond flexibly to the development and changes caused by the pandemic. In case of a public crisis, create a positive corporate culture to enhance employees’ work innovation autonomy. Cultural rendering and edification promotes the formation of employees’ positive psychological quality, improve employees’ working state and make them devote themselves to innovation activities. It is an effective way to design an incentive salary system during the epidemic period to stimulate employees’ potential and sense of responsibility and promote the generation and sharing of new ideas and methods.
Enterprises should pay attention to the cultivation of positive psychological quality of knowledge workers. In addition to building a high-quality information technology system, enterprises should improve the psychological skills of knowledge workers through management innovation. Enterprise managers should strengthen emotional management to enable employees to actively respond to difficulties at work, avoid or mitigate the stress response when the epidemic occurs, stimulate employees’ work enthusiasm, and build a team communication platform. At the same time, we should also create a positive corporate culture to enhance the work autonomy of knowledge workers, which is conducive to promoting the formation and development of employees’ positive psychological quality. Through a variety of ways, employees can gain more work freedom and sense of achievement. Design incentive salary system during the epidemic period to stimulate employees’ potential and sense of responsibility. When a public crisis occurs, an enterprise should shoulder its responsibility to its employees to promote high-quality work output. The enterprise shall provide employees with safe and hygienic working conditions and reduce their concerns about the working environment. Start the employee assistance plan during the epidemic period, and provide professional psychological assistance services to reduce employees’ worries.
In case of a public crisis, enterprises should shoulder their responsibilities to employees to promote high-quality work output. Whether it is during telecommuting or preparing to return to work and production, ensuring employees’ health, safety and work efficiency reflects the responsibility of the enterprise in major events. Therefore, high-tech enterprises should provide employees with safe and hygienic working conditions and reduce employees’ concerns and concerns on the working environment. Enterprises should first understand the psychological problems, work difficulties and pressure under the epidemic situation, and what support they hope to get. During the pandemic, enterprises should create feasible conditions, provide employees with opportunities and platforms for learning and development and provide professional psychological assistance services to reduce employees’ worries.
RESEARCH LIMITATIONS AND PROSPECTS
The study selected high-tech enterprise employees in high-risk areas as the sample source according to the needs. Research on the innovation behaviour of other employees in other industries in the conventional situation has been limited. Hence, in the future, we will attempt to collect relevant data and interview materials from employees or managers in other industries to test the universality of the research hypotheses. In the process of data collection, the author took some measures to avoid the deviation of common methods as far as possible, but the questionnaire was filled in by the employees themselves in the form of self-evaluation, which has a certain effect on the accuracy and scientificity of the research conclusion. In the future, we can try the experimental method to expand the sampling range to more comprehensively analyse the relationship between variables.
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Apart from the goal of the digital world and other benefits of e-commerce, it becomes the need of time during this COVID-19 pandemic. Successful implementation and sustainable growth of e-commerce in developing countries is a challenge. The goal of the digital world without the implementation and sustainable growth of e-commerce in developing countries is incomplete. Based on UTAUT theory, we have developed an integrated model to study the developing countries’ consumers’ adoption intentions towards e-commerce. We collected a valid useable sample of 796 respondents from a developing country, applied the SEM-ANN two-step hybrid approach to testing the proposed hypothesis, and ranked the antecedents according to their importance. Results revealed that Trust in e-commerce, Perceived risk of using e-commerce, Ease of use in e-commerce, Curiosity about e-commerce, Facilitating Conditions, and Awareness of e-commerce benefits influence the adoption intentions of developing countries’ consumers. Sensitivity analysis results revealed that Ease of use in e-commerce platforms and awareness of e-commerce benefits are the two most crucial factors behind the adoption intentions in developing countries. The study’s findings help authorities adopt sustainable e-commerce, multinational companies effectively market their goods online, and academics better understand how inhabitants of developing nations perceive e-commerce.
Keywords: e-commerce, developing countries, sustainable growth, adoption intention, curiosity, awareness of e-commerce, SEM-ANN, Pakistan
INTRODUCTION
We are on the verge of a technological revolution due to COVID-19, which has the potential to reshape the way people connect and go about organizing their daily activities. Increased globalization and commercialization are occurring as people and machines become more interconnected through the internet.
The COVID-19 pandemic changed the course of human lives; the term social distancing emerged in human lives to secure healthy lives and avoid infection and spread of COVID-19. Apart from many other benefits of e-commerce, E-commerce is an alternative to traditional means of shopping and a blessing in avoiding the spread of COVID-19. Traditional buying channels require personal interaction, and the chances of COVID-19 spread can be increased. Hence there is essential to implement e-commerce globally to facilitate a common consumer and open new horizons for small and big businesses.
E-commerce has several benefits over traditional shopping channels, such as 1) everything in one place, 2) saving time and money, 3) simplicity and comfort, 4) a wide range of selection and facilities to compare, 5) maintain a healthy lifestyle (COVID-19 context) (Khurana, 2019).
Online shopping is more popular among millennials than among baby boomers. Millennials, defined as those between the ages of 25 and 34, are the largest demographic of online shoppers. 38.4% of US online buyers are under 35 years old. Only 14.4% of internet shoppers in the United States are 65 years old or older (Law, 2021).
The majority of the studies on e-commerce adoption emphasize companies’ adoption of e-commerce and facilitate the e-commerce models of B2B (full), B2C (partial), and C2B (partial) and ignore the potential end-user who is an integral part of the successful model of e-commerce. Specifically, C2C (in full capacity), B2C (partial), and C2B (partial), because if end users will not adopt e-commerce, the full goal of a digital word is unachievable. Hence, motivating the end user to adopt e-commerce is the most important factor behind the goal of the digital world. But to motivate end-users to adopt e-commerce, first, we need to learn how various factors influence consumers’ intention to adopt e-commerce.
Recent studies focus on the adoption of e-commerce in logistics sector companies (Juliet Orji et al, 2022), economic outcomes of e-commerce adoption (Li et al, 2021), retail adoption of e-commerce (Fuller et al., 2022).
Researchers claim that e-commerce is a rapidly developing market that draws a large number of entrepreneurs; it has a lower survival rate than other industries (Cuellar-Fernández et al, 2021). User agreements for e-commerce are seldom reviewed but are virtually approved by users (Chakraborty et al, 2022). Unfriendly provisions adversely impact customer satisfaction in terms of service (ToS), but the company’s survival is increased. Second, companies with a larger market share select more consumer-friendly phrases. Third, the severity of ToS plays a role in the relationship between market share and business performance (Chakraborty et al., 2022). It can create mistrust between consumers and sellers, and end-users may hesitate to adopt e-commerce or quit it.
Researchers also examine the interaction of pandemic response plans with other facilitators of e-commerce adoption in the logistics industry and their influence on business performance. They found facilitating strategies and grouped them into technical-related, pandemic response-related, firm-level-related, and institution-related (Juliet Orji et al., 2022). Still ignored the end-users of e-commerce.
Researchers also revealed that people’s demands and values might drive e-commerce adoption; e-compatibility with people’s digital abilities and infrastructure is crucial; exposure to dangerous material has been experimentally established as an impediment (Ariansyah et al, 2021). This study is based on the net gain maximization framework/standard utility. They did not study the factors such as social influence, trust factor between seller and buyer, ease of use, or awareness of e-commerce because 72% of their sample were non-adopter of e-commerce (never experienced or had no knowledge about e-commerce). Researchers have also examined the differences between products in people’s acceptance of E-commerce. Still, they have overlooked the motivational factors for end-users that lead to the adoption of e-commerce (Liu and Wei, 2003).
Researchers also studied the outcomes of e-commerce use and its impact on family earnings in china but ignored to study the factors that motivate an individual to adopt it. The possible reason might be an established infrastructure of e-commerce in China. They found e-commerce adoption has a considerable impact on family income, with e-commerce adopters earning much more money than non-adopters. While e-commerce adoption has had a big and detrimental influence on wages, it has had little effect on transfers. Using additional data, researchers found that the income consequences of e-commerce adoption vary depending on geographic region and household-level factors (Li et al., 2021). Researchers also found that the success of online merchants is impacted by the deployment of e-commerce capabilities at the appropriate time (Fuller et al., 2022). Lastly, we have explored through a literature review that the effect of gender as a moderator is rarely studied in e-commerce adoption. We believe it should be considered for a sustainable implementation of e-commerce as researchers claim that consumer psyche differs with gender. Furthermore, limitations of previous studies, such as “Individuals’ m-commerce activities were black-boxed. Their perspectives may alter” (Ashraf et al., 2021), also motivates us to study the subject.
After a careful investigation of past literature, we have figured out that the researchers have rarely studied the e-commerce adoption factors in developing countries, which have a major portion of the world population. A developing country is one in which the quality of life, industrial development, and economic as well as other aspects of the country’s development stays at or below average. Around 6.62 billion people live in 152 nations classified as “developing” by the International Monetary Fund (IMF), 85.22% of the world’s population; this is a significant number (Worlddata, 2021).
As e-commerce expands globally, economic giants are looking towards the digital world and bigger markets for their products. So it has become necessary to study how different factors influence developing countries’ users to adopt e-commerce. It will help policymakers and global firms to make plans to implement e-commerce globally and make a dream come true of a sustainable digital world. We have proposed the following study questions based on the above-mentioned research gap.
RQ1. How do different e-commerce related factors influence the adoption intentions of e-commerce of end-users in developing countries?
RQ2. What are the most significant predictors (importance-wise) behind the e-commerce adoption in developing countries?
Based on UTAUT, we have proposed an integrated model to answer these research questions. The study is one of the first to study users’ intention to adopt e-commerce in developing countries. We have selected Pakistan as our study area (selection detail is in the section research context). We have obtained data from five cities in Pakistan and analyzed the dataset using a hybrid SEM-ANN model to test the proposed hypothesis and ranked the understudy factors based on their normalized importance (SEM = RQ1, ANN = RQ2). Study results revealed that Trust in e-commerce, Curiosity about e-commerce, Ease of use in e-commerce platforms, Facilitating conditions to operate e-commerce and awareness of e-commerce benefits positively influence users’ e-commerce adoption intention, whereas perceived risk negatively influences the intention. Social factors behind adopting e-commerce are the only factor that was found insignificant in our study. Sensitivity analysis based on ANN revealed that Ease of use and Awareness of e-commerce benefits are the most influential factors behind the adoption of e-commerce in developing countries. Social influence, perceived risk, and trust factors are the least influential factors behind the adoption intentions of users in developing countries. Study results are beneficial for policymakers to make plans to achieve a sustainable e-commerce implementation, for multinational firms to introduce their products through e-commerce successfully, and for academics to understand the behaviour of developing countries’ residents towards e-commerce.
THEORETICAL BACKGROUND
Using the Unified Theory of Acceptance and Use of Technology (UTAUT), we developed an extended model to explain better user behaviour and the influences on their e-commerce adoption intentions. After studying and comparing existing theories, a theory of adoption (UTAUT) was created and empirically tested (Venkatesh et al, 2003) to explain users’ behaviour toward technology adoption. Researchers have used UTAUT to evaluate consumers’ behaviour to adopt 5G (Mustafa et al., 2022e), psyche to buy smartwatches (Mustafa et al., 2022b), e-commerce system adoption (Hwang, 2010), consumers purchase intentions (Chen et al., 2021; Javed et al, 2021), social e-commerce adoption (Mamonov and Benbunan-Fich, 2017), consumer satisfaction in m-commerce (Kalinić et al, 2021), Predicting m-commerce adoption determinants (Chong, 2013a), wearable payment (Lee et al, 2020), word of mouth and satisfaction in mobile commerce services (Kalinić et al, 2020), mobile financial service (Yan et al, 2021) etc. We have integrated factors such as Trust, Perceived risk, Curiosity, and Awareness of e-commerce benefits to exclusively study the adoption intentions of e-commerce in developing countries (Detail literature is discussed in the following section). We have also studied the moderation effect of gender, which was originally incorporated in UTAUT2, an extended version of UTAUT (Venkatesh et al, 2012). The reason behind not exclusively considering the UTAUT2 is that factors such as hedonic motivation, satisfaction, and habit are concerned about the post-adoption behaviour of technology that leads to its continuous use. After considering the relvant literature and theories we have incorporated new factors in UTAUT and proposed the following model to study e-commerce adoption intention in developing countries (Figure 1).
[image: Figure 1]FIGURE 1 | Conceptual framework.
LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT
Social Influence
Individuals’ perceptions of others’ ideas about the appropriateness of utilizing a specific technology or service or doing an action are examples of subjective norms. An individual’s societal influence to accept or reject a technology is social influence (Mustafa and Wen, 2022). Studies have found it a significant predictor; it does not influence an individual’s decision in some circumstances. In the acceptability of mobile payments, perceived simplicity of use and perceived utility are essential factors to consider (Işık et al., 2021; Liébana-Cabanillas et al, 2018). In a recent study on 5G adoption, researchers discovered that Social factors play a critical role in 5G adoption (Mustafa and Wen, 2022). Subjective Norms significantly influence customer satisfaction in the context of mobile purchasing, as has been shown (Isik et al., 2021; San-Martín et al., 2016). Researchers have also revealed that consumers’ willingness to use m-commerce is strongly influenced by social factors (Yadav et al, 2016) and willingness to adopt the IoT (Yan et al., 2022).
On the contrary, researchers argue that, In mobile commerce, consumer happiness is not favourably influenced by Social Influence (SI) (Kalinić et al., 2021). Studies also found that SI does not significantly affect customers’ contentment with mobile commerce and their readiness to promote it to others (Kalinić et al., 2020). The following hypothesis is proposed in light of the fact that customers’ success in adopting new technology or m-commerce relies heavily on social influence.
H1. Social influence positively influences the adoption intention of e-commerce in developing countries users.
Trust
Marketing studies in the last several decades have focused on the importance of trust in a corporate relationship and how it affects the longevity of that collaboration. Trustworthiness and security are two of the most common ways in which writers have tackled this issue, despite the fact that it is difficult to define trust (Kalinić et al., 2021). Trust in online purchases is based on the assurance that firms will keep their commitments and responsibilities without manipulating or deceiving the buyer party (Kalinić et al., 2021). Trust may also be described as a behavioural trait as “the predisposition of one party to be vulnerable to the actions of the other party based on the expectation that the other party will perform a particular action important to him or her, regardless of the ability to monitor or control the other” (Mayer et al, 1995) that is a predisposition to follow a certain course of action. When customers trust service providers, they often expect their satisfaction level to rise, leading to increased loyalty over time (Marinao-Artigas and Barajas-Portas, 2020). Attitude, user pleasure, behavioural intention, and loyalty were shown to be strongly associated with trust in (Sarkar et al, 2020) meta-analysis of the antecedents and outcomes of trust in m-commerce. Recent studies revealed that customer happiness in mobile commerce is positively influenced by their trust in the merchant (Kalinić et al., 2021) and brand trust positively influence purchase intention (Tian et al, 2022). A considerable antecedent of contentment in mobile banking services and apps (Poromatikul et al, 2020), as well as smartphone apps in fashion sales, has also been documented (Aguilar-Illescas et al, 2020; Awan et al., 2022). We believe that people from developing countries have low income and seriously concerned about the online payment, they mighty hesitate to adopt e-commerce because they do not have a habit to pay online. Hence, if consumers have mistrust in e-payment and online purchase they may hesitate to use e-commerce. Based on the importance of e-commerce and other factors involved in online transactions we hapothise the following
H2. Trust of a consumer in e-commerce will positively influence e-commerce adoption in developing countries.
Perceived Risk
A study has revealed that the risk barrier in mobile social commerce is the second most critical factor preventing consumers from using social commerce (Hew et al, 2019). Researchers define risk as to the uncertainty and possible negative effects of a business transaction (Işık, 2013; Kalinic et al, 2019; Ali et al., 2021). Customer perception of risk is defined as consumers’ belief that they may be exposed to personal information leaks and money losses while using mobile payments (Kalinic et al., 2019). (Park and John, 2010) identified two primary forms of perceived risk. 1) Consumers’ risky behaviour results from internet businesses’ efforts to profit from the convenience of online buying. Customers’ consideration of online time, a pleasant mood, and a perception of the value of products/services are often factors in product risks. It is hard to regulate the transaction; thus, financial and security risks are associated with online buying. 2) Environmental risk results from emotional and impulsive considerations when participating in purchase activity. A negative correlation between user behaviour and perceived risk has been shown in recent research on mobile payments (Kalinic et al., 2019). Another study in Indonesia figured out that e-commerce platform usage and perceived risk have no relation among generation Z. They claim that generation Z does not think risk factors can negatively affect or be a barrier to e-commerce adoption (Lestari, 2019). Researchers have also related the perceived risk with income level. They argue that Malaysian people are less likely to use e-commerce platforms because they see internet purchasing as riskier (Man Hong et al., 2017). Because online transactions are fraught with danger, it is critical that those making decisions take consumer behaviour into account when making a decision (Lestari, 2019). With this dissussion on prior literature we hypothesie that
H3. Perceived risk negatively influences the adoption of e-commerce in developing countries.
Curiosity
Curiosity is defined as “a desire for information in the absence of extrinsic reward” (Pekrun and Linnenbrink-Garcia, 2014). In simple words, it refers to the state of human desire where they search for the unknown and try to find the hidden and unexplored things that fascinate them. According to recent research, curiosity fuels our activities, and our lack of knowledge about these factors contributes significantly to our want to learn more (Dahabiyeh et al, 2021). According to another research, “mystery” also plays a role in people’s desire to learn and their feeling of engagement in doing so (Hill et al, 2016). It has also been shown that Curiosity plays an important role in shaping our behavioural intentions (Dahabiyeh et al., 2021). Researchers have also revealed that Curiosity significantly invokes consumers to adopt 5G technology (Mustafa and Wen, 2022). (Hill et al, 2016) claims that actively interested customers are more likely to report greater buy motivation levels than those in a neutral or post-curious mindset. With this discussion and previous findings, we conclude that e-commerce is new to the consumers of developing countries, and Curiosity may play a significant role in its adoption. Hence we hypothesize that
H4. Curiosity about e-commerce will influence consumers from developing countries to adopt e-commerce.
Ease of Use
Ease of use is the degree to which a user feels that e-commerce involves little effort and has no or little complexities. A recent study has explored that as much as technology is easy to use, people tend to adopt it and use it (Mustafa et al, 2021). Even though many people in developing countries are comfortable utilizing mobile devices like smartphones, still e-commerce apps may be a novel concept. That’s particularly true now when the number of mobile commerce apps and functionalities is growing fast. New and inexperienced mobile users may find it challenging to utilize features such as making financial transactions. App developers confront making their e-commerce apps as easy to use as possible, yet this may need sacrificing features and functionality to do so (Chong, 2013b). Ease of use has been studied in several studies and found to be a significant factor behind technology adoption such as mobile banking (Malaquias and Hwang, 2019; Sharma et al, 2020), wearable payments (Lee et al., 2020), mobile payment acceptance (Liébana-Cabanillas et al., 2018), mobile commerce services (Kalinić et al., 2020). But some studies have also shown that ease of use has no impact on the m-commerce use of Serbian people (Liébana-Cabanillas et al, 2017) and m-commerce adoption in India (Yadav et al., 2016). We believe that consumers in developing countries may have difficulties adopting e-commerce because of low literacy rates, insecure banking systems, and unawareness of online payment. Their engagement and use of platforms such as e-commerce will highly depend on their ease of use. Hence we hypothesize
H5. Ease of use in e-commerce platforms will influence consumers to adopt it in developing countries.
Facilitating Conditions
Facilitating conditions refer to the technical infrastructure and associated resources/devices to complete online shopping (Venkatesh et al., 2003). Describe facilitating conditions as “the degree to which an individual believes that an organizational and technical infrastructure exists to support the use of the system.” It is helpful to mould consumers’ behaviour to adopt or reject a new technology (Mustafa and Wen, 2022). However, researchers in the past claim that facilitating conditions are the least important for Chinese consumers to adopt m-commerce (Chong, 2013a). Facilitating conditions found significant to adopting mobile banking (Malaquias and Hwang, 2019; Sharma et al., 2020), wearable payments (Lee et al., 2020), and mobile payment (Liébana-Cabanillas et al., 2018; Rehman et al, 2022). Let’s particularly talk about the developing countries. There are still many localities where the basic required infrastructure is not well established, and consumers may lack facilitating conditions to carry on e-transactions. Hence we believe that facilitating conditions is one of the basic requirements for e-commerce. It will play a vital role in successfully accepting or rejecting e-commerce in developing countries. We hypothesis that
H6. Facilitating conditions required to use e-commerce will influence consumers’ e-commerce adoption in developing countries.
Awareness of e-Commerce Benefits
Awareness refers to the knowledge/recognition of benefits and costs/sacrifices made by an individual who adopts or rejects technology. Researchers have rarely investigated this factor in consumers’ e-commerce adoption intention. In the past, researchers found that many people have never heard of online banking, which is an excellent example of e-commerce. This lack of information is a major deterrent to clients using online banking. According to his findings from a survey of 500 Australian clients, most of them were unaware of the advantages of internet banking (Sathye, 1999). This can also be true in the current scenario of developing countries, as e-banking or the use of digital currency is quite a new thing for developing nations. According to research by (Howcroft et al, 2002), the difficulty in implementing e-commerce due to a lack of familiarity with online banking services was confirmed. We believe that if consumers are aware of the benefits that e-commerce can render, their intentions to adopt e-commerce will be much higher than those who know nothing or little about the benefits of e-commerce. Hence awareness of e-commerce benefits can play a vital role in adopting e-commerce, as explored in the 5G adoption (Mustafa and Wen, 2022) and farmers’ awareness about climate change (Ahmad et al., 2021; Sohail MT et al., 2022; Sohail et al, 2022). Based on this, we hypothesize that
H7. Awareness of e-commerce benefits will influence users of developing countries to adopt e-commerce.
Gender as Moderator
Male and female perception of certain factors is different from each other. The human psyche towards purchasing is different for both genders. A recent study in Indonesia revealed that men are more likely to make online purchases than women to be young, married, educated, and self-employed. They are also more likely to do so if they can readily get logistical assistance and financial support, and they are better at utilizing technology and have not been exposed to dangerous material (Ariansyah et al., 2021). The use of technology can boost individual productivity, but the outcome depends on how people react to accepting a particular technology (Lestari, 2019; Işık et al, 2020). Female students’ interest and desire to assess items and services are stimulated by personal innovation. It is common for women to thoroughly study a product before making a choice, saying that they have no intention of adopting it. If they are unsatisfied with the product, such as e-commerce, they will stop using it (Lestari, 2019). Male students’ evaluation of e-commerce platforms is motivated by their conviction in their ability to perform well, a concept known as “self-efficacy.” Higher levels of self-efficacy and good feelings about an online shopping platform increase male students’ desire to use it. Whereas confidence in completing a task does not drive female students to assess items and services, a greater degree of confidence motivates them to use an e-commerce platform (Lestari, 2019). Researchers also found that the online contribution pattern of male and female users is also different for both genders (Mustafa et al., 2022d; Mustafa and Wen, 2022). Another study revealed that the female group is more influenced by social conventions, whereas the male group is more influenced by pleasure to adopt e-commerce (Hwang, 2010). Another study measures the moderation effect of gender in mobile payment adoption. Results revealed that trust is a strong predictor of customer satisfaction in mobile payments for female consumers but not male consumers (Hossain, 2019). With this discussion, we believe there will be a difference in the influence of e-commerce adoption factors for both genders. Hence we hypothesize that
H8. Gender will moderate the relationship between Social influence (8a), Trust (8b), Perceived risk (8c), Curiosity (8d), Ease of use (8e), Facilitation conditions (8f), and awareness of e-commerce benefits (8g) and Behavioural intention to adopt e-commerce.
METHODOLOGY
Pakistan and e-Commerce/Research Context
Pakistan is one of the developing countries and one of the greatest untapped marketplaces for e-commerce globally; Pakistan has a population of around 220 million and a variety of financial inclusion options. E-commerce in Pakistan is growing at a faster rate than any other sector and has the capacity to become its economy’s driving force (RLTSquare, 2020). E-Commerce revenue in Pakistan reached US $6 billion in 2021, making it the 37th biggest market in the world (ecommerceDB, 2022). Pakistan has long sought to turn its economic and commercial operations into a lively and technologically sophisticated country, thanks to the emergence of an IT industry, an expanding population, and an increasing number of smartphones and internet users. It is possible that e-commerce may help a less developed nation, such as Pakistan, go a long way toward socioeconomic and technical advancement in a short time (RLTSquare, 2020). Olx.com.pk, Daraz.pk, PakWheels.com, Zameen.com, Kaymu.pk, and Shophive.com are popular e-commerce platforms in Pakistan. According to the recently published dataset by the Pakistan telecommunication authority (PTA), there are 193 million cellular subscribers, and 113 million has 3g/4g subscription (PTA, 2022). These incredible statistics make Pakistan one of the best places to test our model. Hence we have picked Pakistan as a study location to check the e-commerce adoption intention in the developing countries.
Data Collection
We have used a validated construct from previous studies to collect a dataset. Detailed measurement items of the construct used to capture the sample response are presented in Supplementary Material We have slightly changed the wording of measurement items to fit our study best and collect the response accurately. Two academics approved the modified version of the construct to carry on the study. We have conducted a pilot study before finally going into an in-depth survey. For this purpose, thirty household and twenty master’s level students were selected to test the finalized questionnaire’s readability and response time. Participants of the pilot study and the initial results of the pilot study provided favourable indications to carry on further investigation (Kost and de Rosa, 2018). The pilot study respondents were not included in the final sample to avoid biases.
We have picked an online survey method to collect data and avoid human mismanagement in data handling. We have divided our population into five clusters (Lahore, Karachi, Islamabad/Rawalpindi, Peshawar, and Faisalabad) based on the literacy level, population condensation, and other facilities required for e-commerce. In these clusters, we have applied a Systematic sampling technique and picked every 10th consumer who visited the supermarkets to shop. This is one of the best ways to collect the response from a heterogeneous population (Sekaran, 2019). We have used google forms to administrate the survey and collection of responses. Respondents were requested to provide their cell numbers to avoid multiple attempts, data cleaning purposes, and to collect follow-up responses. The survey lasted for 2 weeks, between the second and third week of March 2022.
Each respondent has explained the purpose of the study, and their consent was obtained before collecting their information and response. We have used a seven-point Likert scale to measure the response, with “1 representing strongly disagree and 7 as strongly agree.” Researchers explained that seven points Likert scale is more precise and easy to administer and is considered better than higher-order alternative scales (Finstad, 2010). A total of 1,200 questionnaires were distributed in 5 clusters, with 240 in each cluster. 796 valid responses were collected, with an overall response rate of 66.33%. The sample size is much more than the threshold level of ten times per construct item to carry on statistical analysis (Hair et al, 2020).
Demographics of Respondents
We have collected the age, gender, education, occupation, residential status, etc., of each respondent so that we can have a better outlook of our study sample and its characteristics. The detail of the demographic characteristics of our total sample (796) is presented in Table 1.
TABLE 1 | Demographic characteristics.
[image: Table 1]Common Method Bias
A common method bias (CMB) may lead to the incorrect relationship among variables, as most data was collected at a specific time and from a single source CMB can be a potential threat to the robustness of findings (Podsakoff et al, 2012). We performed several procedural checks and statistical tests to avoid CMB throughout the design and analysis phases in response to recommendations (Podsakoff et al., 2012). Throughout the design process of our survey building, we paid significant attention. Scales that were not only simple and clear but also recognizable were used. We made it obvious to respondents that there were no right or wrong answers and that they may answer questions as genuinely as possible as part of the data collection process. During the analysis phase, we began with an exploratory factor analysis based on Harman’s single-factor test (Podsakoff et al., 2012). Harman’s single-factor analysis showed that only 32.01% of the total variation could be explained by a single component, far less than the 50% threshold value. We also tested for CMB by conducting a follow-up survey 3 weeks later after doing the first survey. We choose one proxy item for each component to shorten the second survey’s original questionnaire (Ashraf et al., 2021; Işık et al., 2022). Both the first and subsequent items were strongly associated with supportive results. Researchers have also suggested that if the value of VIF or full collinearity is less than 3.3, the data does not pose CMB problems (Kock, 2015) Table 2. We can claim that CMB is not a serious threat in our study based on these results.
TABLE 2 | Reliability and validity analysis.
[image: Table 2]PLS-SEM
We used PLS-SEM since it is highly recommended for studies that aim to predict and explore the dependent variables in order to explain the utmost amount of variation possible. As a result, the optimum method for making predictions is PLS-SEM (Roldán and Sánchez-Franco, 2012; Zhongjun et al, 2022). It can also concurrently handle the structural (inner) and measurement (outer) models. It is possible to get more precise findings with a small sample size using the PLS-SEM. As a result, PLS-SEM appears to be the best method for this study. Recent studies have shown a surge in interest in using the PLS-SEM approach because of its potential advantages in Management science (Mustafa et al., 2021; Mustafa and Wen, 2022).
As part of the PLS path modelling process, the constructs’ measurements are tested in two ways to guarantee that they are accurate and reliable: 1) “The measurement model evaluation shows the reliability and validity of the outer mode,” and 2) the structural model assessment identifies the inner model or connection among the latent components (Hair et al., 2020).
Multivariate Assumptions
Mustafa and Wen (2022) state that prior to doing any multivariate tests, it is necessary to assess the multivariate assumptions of multicollinearity, linearity and homoscedasticity. During the survey’s data collection, we assured respondents’ privacy and made it clear that there was no right or wrong response. We followed earlier researchers and assessed whether the data distribution was normal using the Kolmogorov-Smirnov (K-S) test; however, it was found not (Mustafa and Wen, 2022).Supplementary Material confirms the non-linear and linear interactions between independent and dependent constructs in terms of linearity. Finally, the variance inflation factor (VIF) scores were examined to determine whether the model had collinearity problems. According to (Hair et al., 2020), VIF values less than five indicate that the gathered data does not include any issues about collinearity. According to the findings of this research, all indicators have VIF scores that are less than five in magnitude. Hence, no collinearity problem with the study dataset confirms the model’s robustness.
Finally, by following earlier studies, we construct a scatter plot of the regression standardized predicted value, and the residual value shows that the data supports this assumption (Mustafa et al., 2021; Mustafa and Wen, 2022). Supplementary material contains the loadings and cross-loadings of the indicators.
Measurement Model
According to (Hair Jr et al, 2016), a measuring model’s reliability is dependent on its discriminant and convergent validity. The instrument’s reliability was evaluated using indicator loadings and Cronbach’s Alpha (α). Using convergent validity, the constructs’ indicators were assessed for their ability to measure the research variables correctly. AVE is used to express the overall variation in the indicators, whereas CR indicates the variables’ reliability Table 2. Elements with factor loadings of at least 0.6 have been included in the model (Hair Jr et al., 2016) (Figure 2). Assessed values of “α” are considerably higher than the threshold value of 0.7, composite reliability (CR) for all variables is above 0.7, and average variance extracted (AVE) is also found to be significantly higher than 0.50, a recommended value by experts (Table 2). These results indicate the reliability of the construct used in the study (Hair Jr et al., 2016).
[image: Figure 2]FIGURE 2 | Measurement model.
Finally, before moving to the next step, we have applied the Fornell-Larcker criterion to determine the discriminant validity of the instrument. A robust discriminant validity has been established. Table 3 represents the results of the Fornell-Larcker criterion.
TABLE 3 | Discriminant validity (Fornell-Larcker Criterion).
[image: Table 3]Structural Model Assessment
Structural model evaluation is the next step in the PLS-SEM evaluation process. Evaluating predictive relevance, multicollinearity, the empirical significance of path coefficients and confidence level are all part of evaluating the structural path model (Hair et al., 2020). The outcomes of this research were analyzed and interpreted in accordance with a set of basic guidelines (Hair Jr et al., 2016). The R2 value of the first model (Table 4) for direct effect analysis on e-commerce adoption intention is 0.76 (Q2 = 0.61), whereas the same for Model 2 (Table 5), examining the moderation effect of gender, is 0.88 (Q2 = 0.607). It indicates that 76% and 88% variance is explained in both the models by implied constructs, respectively. Q2 score greater than 0.01 means that the model has a high degree of predictive accuracy (Mustafa and Wen, 2022).
TABLE 4 | Model 1 (Direct path analysis).
[image: Table 4]TABLE 5 | Model 2 (Moderation analysis).
[image: Table 5]To examine the proposed hypothesis, we have run two models. Model 1 (Figure 3) assesses the direct effect proposed in our model (H1-H7), and Model 2 examines the moderation effect of gender (H8). We run a bootstrapping of resampling 5,000 for each model. Results of Model 1 indicate that AEC (β = 0.321; p < 0.001), CUR (β = 0.137; p < 0.001), EOU (β = 0.392; p < 0.001), FC (β = 0.181; p < 0.001), TR (β = 0.096; p < 0.001) positively influence e-commerce adoption intentions, whereas PR (β = −0.065; p < 0.015) negatively influence (Table 4). Social influence is the only predictor that does not affect users’ e-commerce adoption intentions. It confirms the H2-H9, but H1 is not supported.
[image: Figure 3]FIGURE 3 | Path model (M1).
Moderating Effect Analysis
In the second model, we have added the interaction terms and checked the moderation effect of gender on direct relationships. The second model’s direct effect results hold out and serve as the robustness of model 1 results. Results in Table 5 indicate that gender positively moderates the relationship between AEC, EOU, TR, and BI, but it negatively moderates the relationship between PR and BI. These findings supports the H8 (b, c, g, and e) but rule out H8 (a, d, and f).
The control variable of education level and age in both models was insignificant.
Artificial Neural Networks Analysis
We have carried out a two-step analysis in this study to rank the antecedents according to their normalized importance and confirm our results’ robustness. Researchers claim that ANN has the upper hand over other variance-based techniques such as SEM, Multiple Linear Regression, Multiple Discriminant Analysis, and Binary Logistics Regression in prediction because of its deep learning and predictive accuracy (Kalinić et al., 2021; Mustafa et al., 2021). Multivariate assumptions like linearity and normality are not required in ANN. Furthermore, no particular data type is required, and it may be expanded to new datasets without disrupting its balance; it can also address the challenges originating from insufficient data (Kalinić et al., 2021; Mustafa et al., 2021), and it is robust for noise and outliers (Kalinić et al., 2021; Mustafa et al., 2021). Researchers suggest that when the dataset has a non-linear relationship between endogenous and exogenous variables and data is not normally distributed, it is better to carry on two-step SEM-ANN modelling for robust results (Kalinić et al., 2021; Mustafa et al., 2021).
Complex interactions between inputs and outputs may be modelled using ANNs, a frequently used artificial intelligence technology. ANNs are intelligent, resilient, and particularly efficient at modelling these relationships (Kalinić et al., 2021; Mustafa et al., 2022a). Numerous ANN models can be broadly divided into four categories, i.e., multilayer perceptron networks, feedforward neural networks, recurrent networks, and radial basis function networks. A multilayer perceptron (MLP) is a popular choice for technology adoption studies because of its many benefits (Kalinić et al., 2021).
1. The robustness of MLP neural networks in the face of imbalanced datasets is shown.
2. It can change weight coefficients and build an input-output mapping to learn.
3. Non-linear connections may be modelled with MLP neural networks since it is also non-linear.
4. Without the user’s involvement, MLP is able to adapt to any situation.
In light of this aspect, we decided to use a feedforward back-propagation multilayer perceptron as a foundation ANN model for the investigation. We have adopted sigmoid as an activation function; two hidden layers and a number of hidden neurons were allowed to be selected by software following earlier research automatically (Figure 4). We have used 90% of the data for training and 10% for testing to obtain comprehensive results (Kalinić et al., 2021; Mustafa et al., 2021). 10-fold cross-validation process has been used to prevent over-fitting concerns.
[image: Figure 4]FIGURE 4 | ANN model for BI.
Root means square error (RMSE) values predict the predictive power of ANN; in this study, these values are marginal and far below the threshold level of 1. It means our model has high predictive power and is accurate in prediction (Kalinić et al., 2021; Mustafa et al., 2021). Furthermore, to assess the efficacy of the ANN models, we calculated a goodness-of-fit coefficient equivalent to the R2 in the regression models based on a given approach (Figure 5) (Kalinić et al., 2021; Mustafa et al., 2022c). Table 6 shows the accuracy of the ANN model’s predictions.
[image: Figure 5]FIGURE 5 | Regression standard residuals.
TABLE 6 | RMSE values for training and testing.
[image: Table 6]Sensitivity Analysis
Finally, a sensitivity analysis was conducted using the ANN model, and the results are shown in Table 7. The hidden layer of the neural model’s non-zero synaptic weights verified the relevance of the inputs. The root means square error (RMSE) results for the training and testing sets are shown for all 10 runs (Table 6). The model output varies significantly with changes in each input’s value, which is used to calculate its “relative importance.” With the help of these results, we have calculated the normalized importance of each variable by calculating the ratio with respect to the highest average value. Sensitivity analysis results are presented in Table 7.
TABLE 7 | Sensititvity analysis.
[image: Table 7]Ease of use influences e-commerce adoption, followed by an awareness of e-commerce benefits, facilitation conditions, and Curiosity. Trust, perceived risk and social influence are the least influential factors behind e-commerce adoption intentions.
DISCUSSION
This study aims to explore the potentially influential factors behind e-commerce adoption in developing countries so that a sustainable e-commerce implementation goal can be achieved and a dream of the digital world come true. For this reason, based on UTAUT, we have proposed an integrated model and selected a developing country to test our proposed model. We have used a dual-stage SEM-ANN model to test the hypothesis and rank the understudy factors according to their normalized importance.
H1 to H7 unveils a direct effect of variables, while H8 presents the moderating effect of gender on e-commerce adoption (RQ1). We have observed that social influence (H1) does not affect the developing countries’ consumers to adopt e-commerce, and they look for other reasons to consider e-commerce platforms. A possible reason behind this can be that e-commerce is new, and people have a habit of using traditional means of shopping; furthermore, the courier/delivery infrastructure is not well established, so people are not using it frequently and less talk about the use of e-commerce to shop when the people do not publicly consider about e-commerce it is hard to influence by society. Our findings are consistent with the previous studies (Kalinić et al., 2021) but contradict (Kao and André L’Huillier, 2022). Trust (H2) positively influence consumers toward e-commerce adoption. Trust evolve over time. Consumers interact with the sellers and value the after-sale services, which eventually build trust in the system, seller, and consumer.
Consumers in developing countries value the relationship between seller and buyer; hence if online businesses successfully win the trust of developing countries’ consumers, it is easy to influence them to use e-commerce platforms. As researchers have explored that in developing countries, consumers have low income, and they are much concerned about losing their money in online transactions (Man Hong et al., 2017), so if consumers have trust in e-commerce, they will use it; otherwise, they will stop using it. Our findings are consistent with (Sarkar et al., 2020), who conducted a meta-analysis on mobile commerce. Perceived risk (H3) negatively affects the adoption intention in developing countries. Consumers in developing countries are risk-averse and prefer a clean transaction and fair business when money is involved. A risk factor in e-commerce is considered one of the significant barriers. Our findings align with (Kalinic et al., 2019) but contradict (Lestari, 2019), who claim risk factor does not affect gen-z users. Curiosity (H4) also positively influences e-commerce adoption. Consumers in developing countries found curious about e-commerce and its operations. Our findings revealed that Curiosity about e-commerce could lead to the test use of e-commerce; after this, if consumers have a good experience, they may use it again and, over time, become permanent users of e-commerce. We suggest e-commerce platforms and online sellers pay exclusive attention to trust-building with consumers so that they rely on it and be permanent users. Our findings are consistent (Hill et al., 2016; Mustafa and Wen, 2022). Ease of use (H5) put a positive insight into e-commerce adoption. People use technologies that are easy to use and easy to handle. Our findings suggest e-commerce app developers make it user friendly so new users easily cope with it and feel convenient using e-commerce applications. Our findings are consistent with (Kalinić et al., 2020; Mustafa and Wen, 2022) but contradict (Yadav et al., 2016; Liébana-Cabanillas et al., 2017). Facilitating conditions (H6) also positively influence user intention toward e-commerce adoption. Our findings suggest developing countries need to develop a good infrastructure to support e-commerce. Provide internet facilities and e-banking or other digital modes of payments; they also need to encourage people to use digital payments and safeguard their concerns. It contradicts the earlier research findings in china (Chong, 2013a) and supports (Sharma et al., 2020) findings in Fiji. Lastly, awareness of e-commerce benefits (H7) is positively associated with consumers’ adoption intentions in developing countries. Consumers who are aware of the e-commerce benefits are more inclined to use e-commerce than those who have less knowledge. Our study findings suggest informing general consumers about e-commerce use benefits and motivating them to start using e-commerce platforms.
Gender’s moderating effect (H8) is also established in four relationships, i.e., gender moderates the effect of trust (H8b), perceived risk (H8c), ease of use (H8e), and awareness of e-commerce benefits (H8g) on e-commerce adoption intentions in developing countries. Findings revealed that females’ perception of the trust, perceived risk, ease of use, and awareness of e-commerce strongly moderate the e-commerce adoption intention in developing countries. It explains the adoption psyche of females that they value these factors more than their opposite gender. At the same time, social influence (H8a), Curiosity (H8d), and facilitating conditions (H8f) are not significantly moderated by gender in our study. Male was found to be less influential compared to females in the scenarios mentioned above. These findings contradict (Ariansyah et al., 2021), where males are more influential toward e-commerce adoption or (Lestari, 2019), who said males are more influential by self-efficacy in e-commerce adoption and support (Hossain, 2019) who claim that females moderates the relationship between trust and m-payment or (Lestari, 2019) who argue that females do more through comparison of product and technologies before adopting. Findings also contradict earlier studies when authors claim that females are more socially influenced in technology adoption and males look for enjoyment in e-commerce adoption (Hwang, 2010).
Finally, to answer RQ2, we used ANN. We ranked the predictors according to their normalized importance. The study revealed that ease of use with normalized importance of 100% is the most influential factor behind adoption that straight contradicts the earlier findings (Yadav et al., 2016), followed by an awareness of e-commerce benefits newly integrated variables in the study of e-commerce adoption intentions with normalized importance of 77%. These are followed by facilitating conditions (49.7%) and Curiosity (46%). Whereas trust (27.9%), perceived risk (19.7%), and social influence (13.1%) are found to be the least influential for developing countries’ consumers. We suggest e-commerce platform developers and service providers keep these factors in mind when implementing e-commerce in developing countries to achieve sustainable growth in the e-commerce business.
Theoretical Implications
Our study findings render some valuable implications in the available literature on e-commerce, especially in the context of developing countries. Firstly our findings improve the understanding of e-commerce adopters in developing countries and add a valuable contribution to the findings of prior studies (Hwang, 2010; Yadav et al., 2016; Liébana-Cabanillas et al., 2017; Mamonov and Benbunan-Fich, 2017; Lestari, 2019; Lin et al, 2019; Kalinić et al., 2020; Ashraf et al., 2021; Cuellar-Fernández et al., 2021) that was conducted in different countries and measure different variables.
Secondly, we have integrated Curiosity and Awareness of e-commerce benefits as antecedents of e-commerce adoption and empirically tested them in the proposed model of e-commerce adoption that can be used in future studies as a base model.
Thirdly, we have added the moderation effect of gender in the available literature on e-commerce adoption so that a better understanding of gender differences can be attained, which will eventually be helpful in the sustainable growth of e-commerce.
Fourthly, we have ranked e-commerce adoption factors in developing countries using sensitivity analysis and figured out that awareness of e-commerce benefits is the second most important predictor behind e-commerce adoption in developing countries. Furthermore, we also suggest using ANN analysis to understand human psychological related factors better as it can dig down deep into the data and provide a better understanding of the phenomenon.
Lastly, we have provided a new insight to UTAUT by adding new variables to understand technology adoption behaviour. We have empirically proved that technology adoption models must add curiosity and awareness factors to assess human behaviour towards its adoption and use.
Practical Implications
This study’s results present immense practical implications for managers of e-commerce sites, policymakers, and multinational organizations. Based on the study findings, we have also presented some valuable suggestions to attain a sustainable implementation and growth of e-commerce in developing countries.
Starting with customer Trust building on e-commerce and perceived risk, as e-commerce involves online money transactions. In developing countries, the income level is low, and people are not advanced in using e-payments. They are also afraid of online scammers. We suggest developing countries’ Governments pass strict rules against cyber crimes and secure e-payment and online transactions. They can also initiate an insurance system for online transactions to minimize the risk factor. Governments and policymakers need to ensure that people feel secure in spending online. Once the Trust in e-payments is established, consumers will frequently use e-commerce platforms because they will not fear online scams or money loss (Chakraborty et al., 2022).
In addition, e-commerce implementation and sustainable growth require a good infrastructure of facilitating conditions. Generally speaking, internet, courier service to make timely delivery, strong and secure banking system, particularly e-banking system or other moods of online payments needs to improve. This will add value to the use of e-commerce sites as we have found that ease of use and facilitating conditions influence the consumers’ intentions to adopt e-commerce.
We also suggest e-commerce application/web developers introduce interfaces that are more user-friendly. Complex interface and lengthy buying process may lead to less use of e-commerce platforms (Fuller et al., 2022).
Lastly, we recommend conducting workshops and e-commerce awareness seminars to let people know more about e-commerce because we have figured out that Curiosity and Awareness of e-commerce positively influence adoption intention.
Financial institutions need to educate people about the e-payment methods and their use and educate people about the security of digital payments. We also recommend that advertising agencies produce commercials that can motivate a common person to use e-commerce and educate them about the benefits of e-commerce.
Limitations
Apart from several theoretical and practical implications, this study has some limitations that need to address here and can be used in future research directions. Firstly, we measured the adoption intention of e-commerce in general and overlooked the particular e-commerce platform characteristics such as Amazon, Olx, Daraz.pk, Taobao, Alibaba, etc., These site features can also influence the customers. Secondly, we consider the age and education as two demographic factors as a control variable and found them insignificant. Still, we believe that these demographic characteristics can influence the adoption intention as younger and old consumers perceive and behave differently, and so do the educated and illiterate. Thirdly we took our sample from Pakistan, and the e-commerce infrastructure is comparatively better than many neighbouring countries such as Yemen and Afghanistan or several African countries. Hence we believe that infrastructure facilities can play a great role and have the potential to change the perception of residents.
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China has issued a series of policies to regulate the usage of chemical fertilizer. Are these policies effective? If so, how do they work? To answer the above questions, this study empirically analyzed the effects of different types of policies (regulatory, incentive, and publicity policies), as well as their internal mechanisms and the moderating role of farmers’ risk attitudes, on the usage of chemical fertilizers in agricultural production. We found that the policies and their interactions had positive significant effects on the reduction of chemical fertilizer usage while the influences of their interaction variables were the most statistically significant, and the relationships between the policies and reduction were negatively regulated by the risk attitudes of the surveyed farmers. Furthermore, the policies encouraged chemical fertilizer reduction by improving the farmers’ income expectations while the farmers’ risk attitudes negatively regulated the intermediary effects of their income expectations. This study enhances the understanding of the influence of economic rationality on individual decision-making, as postulated in neoclassical economics, to a certain extent. The conclusions are of much practical significance to the substantial reduction of chemical fertilizers and the green transformation of agriculture in China.
Keywords: policy effects, risk attitude, chemical fertilizer reduction, mediating effect, moderating effect
1 INTRODUCTION
China is the largest producer and consumer of chemical fertilizers in the world (Zhang et al., 2013). For a long time, the country’s strategy for agricultural development has been to increase agricultural production and income, so the use of chemical fertilizers has been increasing but has led to inefficient and excessive usage for major crops. The contradiction between agricultural development and environmental protection has become more prominent. Reducing fertilizers is a major measure taken to relieve pollution and promote the sustainable development of agriculture. To reduce the progressive imbalance in the “population–resources–environment” system, enhance the ecological environments of rural areas, and increase the efficient use of chemical fertilizers, the Chinese government has been encouraging a green shift in agricultural production by implementing policies to reduce usage. In 2015, the Ministry of Agriculture issued an action plan for the “zero growth of chemical fertilizer usage by 2020.” Under the guidance of this central policy, local governments, especially in agricultural provinces, have introduced their own policy measures to guide and support the reduction of chemical fertilizers (Hong et al., 2015; Zheng et al., 2018; Huang et al., 2019).
At present, the policy tools of government intervention in environmental governance show a diversified development trend, which can be divided into three types: command control, economic incentive and publicity guidance (Wang and Gu, 2013; Li et al., 2017), which can be named as regulatory, incentive, and publicity policies. Among them, economic incentive and publicity guidance are positive incentive policies, while command control is negative incentive policy, and the implementation effects of different types of policies are different (Huang et al., 2016). The success of these policies depends on the farmers’ responses to their implementation (Li et al., 2019). Behavioral economics postulates that individuals are willing to participate in policies if they expect such policies to grant them high benefits and low costs of implementation (Su et al., 2011; He and Wang, 2019). The farmers’ expectations of how these policies would affect their incomes ought to be the key concern of the policy arrangement. The current policy tools of the central government’s intervention in environmental governance are diverse and can be divided into three types: regulatory, incentive, and publicity policies (Wang and Gu, 2013; Li et al., 2017). The effects of different types of policies would also be different (Huang et al., 2016).
As a protective measure, chemical fertilizer reduction can improve soil conditions and increase crop yields but such benefits take a long time to realize, so reduction carries certain levels of uncertainty and risk (Huang and Ji, 2012; Li et al., 2019). Therefore, government departments should also consider the effects of farmers’ expectations of income stability when making policy choices. According to risk aversion theory, farmers will consider potential risks and uncertainties while pursuing the maximization of expected benefits (Staatz and Stock, 1987; Ma and Ding, 2013). The long return periods of reduction would pose high levels of uncertainty and risk for crop yields and incomes. Therefore, whether farmers respond positively to policies also depends on their risk attitudes. Those with low degrees of risk aversion are more willing to try new production methods to obtain long-term benefits. So, we can ask the question: What kinds of effect do different types of policies have on farmers’ reducution of chemical fertilizers? How do they work? What kind of policy arrangement is more conducive to encouraging farmers to reduce chemical fertilizers? The answers to these questions would not only enhance the neoclassical economic understanding of how economic rationality influences farmers’ decision-making but also provide an empirical basis for the formulation of measures that optimize and improve agricultural policies. Compared with the existing research, the innovation of this paper is mainly reflected in two aspects: 1) The existing literature mostly focuses on the impact of farmers’ individual characteristics, land management methods and other factors on farmers’ chemical fertilizer decision-making, and lacks in-depth analysis of its mechanism. Based on farmers’ income expectation, this paper constructs an intermediary effect model to focus on the mechanism of the impact of different types of policy incentives on farmers’ chemical fertilizer reduction behavior, and supplements the existing literature in the research content. 2) In this paper, risk attitude is taken as the adjustment variable, which is deeply discussed in the same analysis framework as policy incentives and farmers’ chemical fertilizer reduction behavior, which is an effective expansion of the existing research.
2 LITERATURE REVIEW
Scholars at home and abroad have conducted much research on farmers’ use of fertilizers. They generally believed that although the use of chemical fertilizers plays a positive role in crop production (Gul et al., 2022), the excessive use of chemical fertilizers is the main cause of water pollution (Chandio et al., 2018). Moreover, higher fertilizer consumption is found to boost the short- and long-run carbon dioxide emission levels in Nepal (Rehman et al., 2022). So, the reduction of chemical fertilizer application has been key to the green revolution in many countries around the world (Chandio et al., 2018).
Basing their ideas on natural scientific experiments, some scholars have discussed the effects of chemical fertilizer reduction on the organic matter contents and crop yields of farmland. Compared with the application of single chemical fertilizers, combined applications of organic and other environmentally friendly fertilizers could significantly improve soil activity and enhance the organic matter contents in paddy fields (Huang et al., 2009; Shao et al., 2014; Mao et al., 2015). Liu et al. (2018) showed that grain yields could be significantly improved when organic fertilizer was applied. Wang (2019) studied the mixing methods of different proportions of fertilizers and concluded that mixtures including farmyard manure not only could improve the yields of grain crops but could also significantly improve the nutritional levels of rice. Shen et al. (2019) concluded that yields of wheat increased by 1.86% when the ratio of organic fertilizer to chemical fertilizer was one to five.
Other scholars have focused on the factors influencing farmers’ practices. Huang and Ji (2012) analyzed the effects of farmland ownership confirmation on long-term investments and believed that such confirmation could eliminate the uncertainty of land-use rights to protect the rights of farmers, motivate them to make long-term investments, and increase environmentally friendly practices, such as the use of organic fertilizers. Li et al. (2019) believed that expansions of the scales of cultivated land encouraged farmers to use organic fertilizers. He and Huang (2001) thought that land-use property rights had significant effects on farmers’ usage of fertilizers. Huang et al. (2019) considered family agricultural labor resources to be related to the selection of fertilizers.
The above studies have provided good micro-level analyses of which factors influence farmers’ usage of chemical fertilizers. However, most of the current research has focused on the influences of farmers’ individual and management characteristics but has paid limited attention to external factors such as macro-policies. Effective policies help to provide good guarantees for particular economic activities and to expand the bounded rationality of farmers, thus affecting their behaviors and choices. Among studies that have examined macro-policies, Abhilash and Singh (2009) believed that the strict implementation of laws and regulations could affect the supply of pesticides in terms of their production, distribution, and application while also affecting the demand for them by restricting their excessive application. Spraggon, (2002), Lichtenberg (2013), and Yang and Luo (2018) also believed that national policies had significant effects on farmers’ environmental behaviors and that different types of policies produced different effects. Dong et al. (2019) advocated increasing subsidies, tax relief, and other related preferential policies to encourage farmers’ cleaner production.
Current research on agricultural policies has focused on the direct influences of policies on farmers’ decision-making but has given less consideration to the moderating effects of farmers’ risk attitudes. Further discussion on how policies affect farmers’ behavior is rarely reported. Although an examination of the relationships between macro-policies and chemical fertilizer reduction is necessary, the green transformation of agriculture requires the exploration of an effective path to promoting chemical fertilizer reduction and improving fertilizer efficiency comprehensively while treating farmers’ risk attitudes as a moderating variable and analyzing the effects of policies on farmers’ reducution.
This study empirically tested the influences and internal mechanisms of three types of policies (regulatory, incentive and publicity policies) and examined the role played by risk attitudes to formulate countermeasures and suggestions for the effective application of reduction policies to encourage farmers to reduce their usage of chemical fertilizers.
3 THEORETICAL FOUNDATIONS AND HYPOTHESES
3.1 Effects of different types of policies on chemical fertilizer reduction
According to the hypothesis of the “economic man,” human beings desire to maximize their utility. Chemical fertilizer reduction is essentially a kind of agricultural management behavior driven by farmers’ pursuits of their own utility maximization (Schultz, 1964). Under the assumption that income represents utility, farmers would adjust their production decisions according to trade-offs between costs and incomes. However, farmers’ simple reliance on market forces to adjust production and management decisions is often inefficient for two reasons (William and Gary, 1980). First, farmers have limited rationality, i.e., they are limited in their knowledge and possess incomplete information, so they cannot form an accurate understanding and evaluation of a new mode of production in a short time. The rational choice of whether to adopt a new method is supported by learning (Hodgson, 2012). Second, individual farmers are heterogeneous. In the equilibrium analysis of neoclassical economics, the hypothesis of homogeneity is made for individual farmers while the different choices made by heterogeneous farmers under the same conditions are ignored. In reality, individual farmers often exhibit different economic behaviors because of their different levels of rationality. Effective government policies can provide good guarantees for particular economic activities, expand the bounded rationality of farmers, and guide farmers to make correct choices, thus effectively alleviating market failure and encouraging farmers to reduce their usage of chemical fertilizers.
The main types of policies that encourage chemical fertilizer reduction are regulatory, incentive, and publicity. Regulatory policies are command-and-control policies that restrict farmers’ behaviors by criticizing and penalizing them for not complying with regulations, thereby increasing the costs of farmers’ non-cooperation. Incentive policies provide financial subsidies to farmers who reduce, thus lowering their adoption costs and increasing their incomes. Publicity policies increase farmers’ information and knowledge through publicity and training programs to reduce the costs of information searching and to encourage farmers to reduce.
To sum up, we formulate our first hypothesis, H1, H1a, H1b, and H1c.
H1. Policies have positive effects on farmers’ reduction of chemical fertilizers.
H1a. Regulatory policies have positive effects on farmers’ reduction of chemical fertilizers.
H1b. Incentive policies have positive effects on farmers’ reduction of chemical fertilizers.
H1c. Publicity policies have positive effects on farmers’ reduction of chemical fertilizers.The government may use all kinds of policies simultaneously, thus creating interactions among them. For example, the adoption of incentive policies and publicity policies at the same time may have a complementary effect, which is stronger than the reduction effect of a single type of policies. Moreover, the interaction of multiple policies may also weaken the effect of a single policy, so the internal mechanism remains to be identified. Hence, we propose our second hypothesis, H2.
H2. Interactions among regulatory, incentive, and publicity policies have significant effects on farmers’ reduction of chemical fertilizers.
3.2 Moderating effects of risk attitudes
The contingency effects of costs and benefits should be considered when farmers make decisions on chemical fertilizer reduction, whose benefits would take a long time to appear. The effects of the reduction policies would be subject to the income uncertainty caused by the adoption of new production methods. This uncertainty is defined in behavioral economics theory as the risk resulting from the farmers’ reduction of chemical fertilizers.
Government policies would improve farmers’ income expectations, which assumes confidence in the stability of their incomes. Only when farmers have full confidence in the benefits and ease of reduction could the policies be effective. According to risk theory, farmers’ risk attitudes strongly affect their decisions regarding production (Paudel et al., 2000). In practice, their limited cognition does not fully encompass the possible losses incurred in production and management without any deviations. When they adopt a new mode of production, they heighten predictions of risk because they lack successful experiences to emulate, which discourages reduction. Therefore, heterogeneous farmers have different levels of risk aversion, which influence their decisions. More scholars have begun to pay attention to the effects of farmers’ risk attitudes on their production decisions. Many behavioral experiments have quantified risk attitudes and have demonstrated that those of different types of farmers were heterogeneous and diverse (Zhou et al., 2012). Generally speaking, if farmers are averse to risk, they are less willing to adopt new modes of production. Hence, we propose our third hypothesis, H3.
H3. Farmers’ risk attitudes are negatively related to the effects of reduction policies, i.e., lower degrees of risk aversion allow for stronger policy effects on their reduction of chemical fertilizers.
3.3 Internal mechanism of policies on chemical fertilizer reduction
Chemical fertilizer reduction policies can directly affect farmers but can also affect them through a series of intermediary mechanisms. Generally speaking, an optimistic attitude toward reduction is a necessary condition for commencing reduction. Regulatory, incentive, and publicity policies should first enhance the willingness to reduce fertilizers by raising income expectations in two ways.
First, policies enable farmers to realize that the feasibility and benefits of reduction would result in higher future incomes (Zhao and Zhou, 2012). Moreover, those farmers who have already achieved positive results from reduction would serve as examples to inspire confidence in others. Second, policies can improve income expectations by reducing the actual costs of reduction through economic incentives such as subsidies and through decreasing the costs of time, energy, and information searching required for changing the mode of production, thus improving the farmers’ rational and cognitive levels, as well as indirectly raising their incomes. Hence, we propose our fourth hypothesis, H4.
H4. Policies have additional positive effects on farmers’ reducution of chemical fertilizers, for which their income expectations are an important internal transmission mechanism.Figure 1 shows a moderated mediating effect model proposed in this study, which includes the direct impact of different types of policies on farmers’ reducution of chemical fertilizers (H1, H2), the moderating effect of farmers’ risk attitude (H3) and mediating effect (H4). Concurrently, this study also controls the possible influence of other related factors.
[image: Figure 1]FIGURE 1 | Path analysis of different types of policies affecting farmers’ reducution of chemical fertilizers.
4 DATA, VARIABLES, AND MODELS
4.1 Data sources
The data used in this study were produced by the field research conducted by the research group in the provinces of Henan, Hubei, Shandong, and Yunnan from June to September 2020. The former two are located in the central regions of China, whereas the latter two are in the eastern and western regions, respectively. These provinces were selected for their different levels of economic development, which can better reflect the situation of regions with different levels of economic development. The questionnaire includes four parts: ① Farmers’ Individual characteristics (age, gender, level of education, political identity, risk attitude, etc.); ②Family management characteristics (family income structure, labor force structure, scale of cultivated land); ③ Farmers’ cognitions about reduction; ④ Reduction conditions. The principle of stratified random sampling was applied to select 9 City as the survey areas. Two townships were randomly selected from each municipal unit, then two or three villages were selected from each town as sample villages, from which about 30 farmers were randomly selected for the survey sample group. The inclusion of both grain and cash crop farmers ensured that the sample was highly representative. A total of 800 questionnaires were distributed. All were returned and screened to filter out questionnaires with missing responses and logical errors to produce a final number of 733 valid samples, thus achieving an effective rate of 91.63%.
4.2 Variables
For binary questions in the questionnaire, we assigned 1 to a “yes” and 0 to a “no” answer.
4.2.1 Explained variable
4.2.1.1 Chemical fertilizer reduction
Refers to usage declining in both frequency and dosage. The binary question, “Have you reduced your usage of chemical fertilizers in agricultural production?,” was used to collect data on this variable. A binary logistic regression model was then used to quantitatively analyze the influences of policies on reduction.
4.2.2 Explanatory variables
4.2.2.1 Regulatory policy
Supervision and direct control of fertilizer usage by restricting the frequency of usage and dosage’ criticism and penalization of those farmers who do not reduce their usage. The binary question, “Does your local government (village or township) supervise the usage of chemical fertilizers?,” was used for this variable.
4.2.2.2 Incentive policy
Financial incentives, usually in the forms of subsidies, and price concessions. The binary question, “Do you receive any financial incentives for reducing your usage of chemical fertilizers?,” was used for this variable.
4.2.2.3 Publicity policy
This takes the form of campaigns for public relations and education. The responsible government departments disseminate information and knowledge about reduction, as well as provide technical support, to farmers. The binary question, “Have you ever participated in any seminars or training programs about chemical fertilizer reduction?,” was used for this variable.
4.2.3 Moderator variable
4.2.3.1 Risk attitude
Most of the research on farmers’ risk attitudes has been classifications of farmers into different risk types. However, some studies have argued that this kind of treatment is highly subjective and does not fully reflect the differences in risk attitudes (Fellner and Maciejovsky, 2007; Huang et al., 2009; Li and Guo, 2009; Hou et al., 2014; Gao and Niu, 2019). Therefore, this study chose the utility function method to quantitatively measure the degrees of farmers’ risk aversion. Combining the measurement method of the risk aversion coefficient by Guiso and Paiella (2008), with the basic characteristics of our research objects, this study designed a simulation experiment to quantify the risk attitude of each farmer by asking the question, “Suppose that you were invited to play a game in which you picked a ball from a jar with 50 red and 50 black balls. If you picked a red ball, you won 3,000 yuan but won nothing for a black one. How much money would you spend to play this game?” The risk aversion index of all the farmers was obtained by constructing the expected utility function according to the maximum amounts that the farmers would be willing to pay. Of course, we assumed that these amounts would be lower than their expected winnings. The amount of 1,500 yuan is 11.3% of the rural population’s per capita consumption in 2019. Therefore, participation in this game would pose certain risks to the farmers, thus allowing us to obtain a more objective view of the levels of their risk aversion (Li and Guo, 2009).
If the resource endowment (wealth) of farmer i is [image: image], [image: image] is the utility function of i, and [image: image] is the amount that farmer i may win, then [image: image] equals [image: image] or [image: image], [image: image] is the maximum amount that farmer i is willing to pay. The probability of choosing a ball of either color is the same, i.e., 0.5. Therefore, the utility equation can be expressed as:
[image: image]
A second-order Taylor expansion is performed on the right side of the equation:
[image: image]
Substituting Eq. 1 into Eq. 2 and simplifying obtains the absolute risk aversion index [image: image] of farmer i:
[image: image]
4.2.4 Mediator variables
4.2.4.1 Income expectations
A farmer’s subjective perceptions of the growth in their income as a result of chemical fertilizer reduction. The variable was measured by a Likert five-point scale (see Table 1) for the question, “I think that my reduction of chemical fertilizers could increase my income.”
TABLE 1 | Specific meaning of variables.
[image: Table 1]4.2.5 Control variables
This study controlled for each farmer’s individual (Norris and Batie, 1987; Gao et al., 2017) and family characteristics (Gao et al., 2017), as well as for regional dummy variables, which may have affected the farmer’s reduction of chemical fertilizers.
① Individual characteristics: level of education K1 (unit: year), gender K2 (male = 1, female = 0), age K3 (unit: year), and political identity (party member or public official = 1; otherwise, 0).
② Family characteristics: household income K5 (unit: 10,000 yuan), agricultural labor force K6 (unit: person), and scale of cultivated land K7 (unit: Hectare).
③ Regional dummy variables: to control for each region’s external influences such as natural conditions, level of economic development, policy differences, crop varieties, and crop systems.
4.3 Statistical analysis
Table 1 shows that most of the farmers in our sample are 46–65 years old (53.89%). Female farmers account for only 38.47% of the sample. The level of education is mostly junior high school or below (79.26%). Party members and public officials account for 13.92%. Farmers with high degrees of risk aversion account for 63.71%. The number of family agricultural workers in the majority of the sample was less than 2. More than half of all respondents have an income of at least 80,000 yuan per year. The proportion of households with cultivated land areas of less than 0.2 ha accounts for 41.75%. The farmers who think that reduction could increase their incomes is 27.97% and who have reduced their usage is 76.81%.
4.4 Models
A binary logistic model with interaction variables was used to measure the effects of the policies. To test H1 and H2, this study first examined the direct effects. The binary choice model is expressed as follows:
[image: image]
In Eq. 4, i is the i-th farmer, Y is their participation in fertilizer reduction, [image: image], [image: image], and [image: image] are the regulatory, incentive, and publicity policies, respectively, while [image: image], [image: image], [image: image] and [image: image] are the interaction terms of the respective policies, K is the control variable, [image: image], and [image: image] are the coefficients to be estimated, [image: image] is the constant term, and μ is a random error term.
Different risk attitudes may have produced the different effects, so this study introduced the risk attitude variable into Eq. 4 to investigate the moderating effects of the risk attitudes on the three policy variables (H3):
[image: image]
[image: image]
[image: image]
In Eqs. 5–7, E is risk attitude while [image: image], [image: image], and [image: image] represent the moderating effects of risk attitudes on the relationships between the respective policies and reduction. If [image: image], [image: image] and [image: image] are statistically significant, then the moderating effects of risk attitudes (E) are verified and H3 is supported. To avoid multicollinearity caused by the interaction terms, the relevant data were centralized before analysis. To avoid the formulation of an overly complex model, the next model does not consider the interactions among the policy variables.
To test H4, we established a model including policies, income expectations, risk attitudes, and reduction. A stepwise regression method was used to test the mediating role of income expectations and the moderating role of risk attitudes in the mediating effect.
1) We tested the effects of the policies and risk attitudes on reduction:
[image: image]
2) We estimated the effects of the policies and risk attitudes on the mediating variables by using the following model:
[image: image]
In Eq. 9, M is the mediator variable and the explanations of the other variables are the same as those in Eqs. 4–7. If [image: image] is statistically significant, then M is a reasonable mediator.
3) We estimated the direct effects of the policies and intermediary variables on reduction and estimated the moderating effects of the risk attitudes:
[image: image]
4) We estimated the effects of the risk attitudes, mediating variables, and their interactions on reduction:
[image: image]
In Eq. 11, M*E is the interaction between income expectation and risk attitude. If α1, [image: image] and [image: image] are statistically significant, then the mediating effects of income expectations (M) are verified and H4 is supported. If [image: image] is statistically significant, then risk attitudes have significant moderating effects on the mediating effects of income expectations.
5) We ensured that the empirical conclusion was robust by the bootstrap method instead of the stepwise regression method to verify the presence of the mediating effects.
5 RESULTS AND ANALYSIS
To ensure the rationality and effectiveness of the study’s methodology, a multicollinearity test was conducted for each variable. Generally speaking, Variance Inflation Factor (VIF) > 3 would have indicated a low degree of collinearity between the variables, whereas VIF >10 would have indicated a high degree. The results showed the maximum VIF of each index to be 1.526, so the collinearity level of the index was within the acceptable region and met the condition of the binary logistic regression.
5.1 Preliminary analysis of policy effects on chemical fertilizer reduction
The empirical results are shown in Table 2. The differences among the five models are as follows. Models 1, 2, and 3 contain the independent variables of the regulatory, incentive, and publicity indicators, respectively. In Model 4, the three kinds of policy indicators are included in the regression equation simultaneously. Finally, in Model 5, the policies and their interaction terms are included in the regression equation as explanatory variables. The effects of each policy and their interaction terms are explained in more detail.
TABLE 2 | Empirical results of policies’ effect on farmers’ reduction of chemical fertilizer.
[image: Table 2]First, in model 1, the effects of regulatory policies on chemical fertilizer reduction are statistically significant at the 1% level. The regression coefficient is 0.957, which indicates that they had significantly encouraged reduction. When farmers refuse to reduce, they risk incurring fines and damage to their reputations. The pursuit of identity and the desire to avoid economic losses motivate farmers to reduce and earn opportunities to obtain some indirect benefits, such as higher comparative advantages for their agricultural products and better reputations among their fellow farmers (Yang, 2014). Thus, regulatory policies have increased the probability of reduction, which supports H1a.
Second, in model 2, the effects of incentive policies are significantly positive at the 1% level. The regression coefficient is 1.450, which indicates that they had also significantly encouraged reduction. Since chemical fertilizer reduction is a new agricultural production technology with high costs and uncertain benefits in the short term, sole reliance on market mechanisms for regulation would be inefficient (William and Gary, 1980). To subsidize farmers would be equivalent to granting additional income, which would motivate them to reduce. The policies would also reduce the farmers’ expected costs. Institutional economic theory states that policymaking affects the transaction costs of different activities (Akerlof, 1980). The policies would guide the farmers to form consistent values and establish cooperative mechanisms, which would, to some extent, effectively increase their mutual acceptance and reduce the transaction costs of reduction while establishing long-term mutual trust that would facilitate their access to information, capital, and other resources, thus encouraging them to reduce. Therefore, incentive policies have played significant roles in reduction, which supports H1b.
Third, in model 3, the effects of publicity policies are significantly positive at 1% level. The regression coefficient is 2.266, which indicates that they had also significantly encouraged reduction. Since chemical fertilizer reduction is a new type of agricultural technology, farmers would have a limited understanding of it. The government’s publicity and training efforts could provide them with scientific and more comprehensive knowledge, which not only could encourage their acceptance of new fertilizers and technology but also increase their cognition of the value of reduction and improve their technical abilities to participate in reduction successfully. Therefore, publicity policies have played a significant role in reduction, which supports H1c.
The results (model 4) show that the regulatory, incentive, and publicity policies have played significant roles in the reduction of chemical fertilizers. Their regression coefficients are 0.689, 1.564, and 2.477, respectively, indicating that publicity policy has had the strongest effects, which may have been the result of having more channels of information, which stoked the farmers’ enthusiasm for reduction, which supports H1.
Finally, the results of the interaction variables (see model 5) show significant positive effects with their coefficients being 0.600, 1.214, 2.302, and 0.464, respectively. The interactions between any two kinds of policies have not been significant, whereas those among all have been significantly positive, thus supporting H2. We can conclude that only the implementation of all three policies simultaneously could produce the optimal effects.
Of the control variables (model 5), family income and the scale of cultivated land have had significant positive effects, indicating that farmers with higher family incomes or larger scales of farmland were more likely to reduce. Therefore, the appropriate expansion of the scale of farmland has been an effective way to encourage reduction among farmers with high degrees of risk aversion. The influence of age is significant and negative, indicating that older farmers were less willing to reduce. The influences of gender, political affiliation, agricultural labor force, and level of education are not significant.
5.2 Robustness check
The propensity score matching method (PSM) can effectively reduce the sample selection bias and endogenous problems caused by various reasons (Wang and Li, 2017). Here, this method is used to conduct a robustness test on the effect of policy incentives on farmers’ fertilizer reduction behavior.
5.2.1 Propensity score matching method matching results
This part matches the sample data of the three policies respectively. In this process, there may be a certain degree of sample loss. Table 3 lists the matching results of the sample data in this paper. It can be seen from the results that in the matching of the three policies, there are different numbers of sample losses, but they are all within the acceptable range, and the matching results of the three policies are better.
TABLE 3 | PSM matching results.
[image: Table 3]5.2.2 Balancing test
Before PSM estimation, it is necessary to check the balance of samples. As shown in Table 4, after PSM matching, the mean value of sample deviation of the three policies decreased significantly, all lower than 10%, and the pseudo R2, LR chi2 and B values decreased in varying degrees. At the same time, Figure 2 further shows that the sample matching effect is good and PSM estimation can be carried out.
TABLE 4 | Test results of balance hypothesis.
[image: Table 4][image: Figure 2]FIGURE 2 | Test results of balance hypothesis.
5.2.3 Propensity score matching method estimation of policy effect
The estimated result of policy incentive effect is obtained by nearest neighbor matching. Results as shown in Table 5, ATT, ATU, and ATE in the three policy models passed the significance test of 1%. The ATT value in the Regulatory policy is 0.163, which means that when the command control is carried out, the possibility for farmers to choose the alternative behavior of fertilizer reduction is increased by 16.3%; Similarly, according to the ATT values in the other two models, compared with the absence of economic incentives, the possibility of farmers’ choice of fertilizer reduction substitution behavior increased by 24.3%, while compared with the absence of publicity and guidance, the possibility of farmers’ choice of fertilizer reduction substitution behavior increased by 40.7%. It is consistent with the previous conclusion in terms of the significance of variables and the degree of influence, which proves that the conclusion is robust.
TABLE 5 | Test results of policy incentives.
[image: Table 5]5.3 Moderating effects of risk attitudes
Because of the complexity of the interaction effects of the different policies, our analysis of the moderating effects of risk attitudes did not include the interaction variables. Table 6 shows the results of the moderating effects of risk attitudes on different types of policies.
TABLE 6 | Empirical results of the moderating effect of risk attitude.
[image: Table 6]The effects of risk attitudes on the reduction of chemical fertilizers are significantly negative. With the other factors controlled, the results show that farmers were more likely to reduce when their degrees of risk aversion were low. The interaction variables of risk attitudes and each kind of policy are significantly negative. The regression coefficients for the regulatory, incentive, and publicity policies are −7.264, −5.992, and −8.637, respectively, indicating that risk attitude has had significant negative moderating effects on all three. The higher the degree of risk aversion, the weaker were the effects of the policies on reduction, which supports H3.
5.4 Intermediary effects of policies on chemical fertilizer reduction
Table 7 reports the estimated results of the effects of the policies on income expectations. All three kinds of policies have had significant positive effects, suggesting the prerequisite to test the intermediary effects. Table 8 reports the effects of the policies and mediating variables on reduction. The regulatory, incentive, and publicity policies pass the significance test at the levels of 5%, 10%, and 10%, respectively, which also supports H1. In addition, the effects of income expectations passed the significance test at the level of 1%.
TABLE 7 | The influence of policies on intermediary variables.
[image: Table 7]TABLE 8 | Effects of policies and mediating variables on farmers’ reduction of chemical fertilizer.
[image: Table 8]According to the above results, the policies have had significant effects on the intermediary variable and the effects of income expectations have also been significant, which verifies the indirect causal chain by which policies have affected reduction through income expectations, whose significant mediating role supports H4.
The bootstrap method was used to replace the stepwise regression method to verify the robustness of our conclusion. By judging whether the confidence interval contains 0, we can test the intermediary effect of income expectation. When the upper (ULCI) and lower bounds (LLCI) do not contain 0, it indicates that the mediation effect has passed the test. The results in Table 9 show that in the three types of policy models, there is no 0 between the ULCI and LLCI, and the mediating effects of income expectation on the three types of policy models have been significant, which is the same as the results of the stepwise test and further supports H4.
TABLE 9 | Mediating effect of policies on farmers’ reduction of chemical fertilizer and its bootstrap test.
[image: Table 9]6 CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion

1) The effects of regulatory, incentive, and publicity policies on the reduction of chemical fertilizer usage are significantly positive. According to the control variables, total household income and cultivated scale have had significant positive effects on reduction, whereas age has had significant negative effects. The interaction variables indicate that the three policies applied in combination have had significant positive effects on reduction, thus indicating complementarity among different types of policies.
2) Risk attitudes negatively moderate the relationships between the policies and reduction. The interaction variables for the policies and risk attitudes have had significant negative effects on reduction, indicating that higher degrees of risk aversion have weakened the effects of the policies on reduction.
3) The internal mechanism by which the policies affect reduction is their positive effects on the farmers’ income expectations. A moderated mediation model showed that risk attitudes have negatively moderated the mediating effects of income expectation. Farmers with higher degrees of risk aversion had lower income expectations, which weakened the effects of the policy.
4) The bootstrap method showed that policies have encouraged farmers to participate in reduction by increasing their income expectations. Therefore, heightening their expectations would help to enhance the positive effects of the policies.
6.2 Recommendations

1) Regulatory, incentive, and publicity policies are indispensable to environmental governance. The government should strengthen regulatory policies, pay more attention to incentive policies, attempt innovations in publicity policies, establish policy coordination mechanisms, and use comprehensive means to encourage the reduction of chemical fertilizer usage.
2) Farmers’ risk attitudes have significant negative moderating effects on the effects of policies, so the government should help to reduce the risks faced by farmers in agricultural production while improving their capability for facing the risks that accompany reduced usage of chemical fertilizers. Especially in the context of the current COVID-19 and uncertainty, it is necessary to explore an agricultural insurance system with Chinese characteristics, actively guide farmers to purchase agricultural insurance, and reduce the risk of fertilizer reduction.
3) All three kinds of policies encourage reduction by increasing the farmers’ income expectations. Therefore, the government should improve agricultural support to enhance their expectations of eventual higher incomes resulting from their reduced usage of chemical fertilizers.
This study empirically analyzed the effects of different types of policies (regulatory, incentive, and publicity policies), as well as their internal mechanisms and the moderating role of farmers’ risk attitudes, on the usage of chemical fertilizers in agricultural production. Although this paper designed a questionnaire for farmers in strict accordance with the research content and model requirements, and conducted field research, due to time and research conditions, this paper failed to obtain a large range of samples. The research area only includes Shandong, Henan, Hubei and Yunnan provinces. The survey and analysis results may not completely reflect the overall situation of farmers’ chemical fertilizer reduction behavior in China. The next stage of research plans to increase the number of research areas, increase the total amount of data, and make the research evidence more sufficient and the results more reliable.
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The findings of a quantitative study about Chinese consumers regarding how cultural values, environmental awareness, and perceived consumer effectiveness (PCE) influence their green purchase intentions are presented in this article. This study aimed to explain these crucial factors’ direct and indirect effects on green purchases and the impact of cultural values and environmental awareness on PCE. Specifically, a conceptual model was suggested and empirically tested using survey information gathered from 371 customers from China, and the SmartPLS-SEM approach was applied. The results indicated that PCE significantly influences consumers’ intentions to make green purchases, and through environmental awareness and PCE, cultural values, directly and indirectly, influence Chinese consumers’ green buying intentions. This study offers novel perspectives on consumer behavior for purchasing environment-friendly products.
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1 INTRODUCTION
The ongoing technological and industrial revolution has influenced people’s quality of life, particularly in environmental protection (Boeve-de Pauw and Van Petegem, 2013; Zimmer et al., 1994; Milfont and Duckitt, 2010). So, consumer ecological awareness has increased dramatically in recent decades (Hojnik and Mitja, 2016; Mylan et al., 2015), resulting in a shift in customer buying criteria toward more consideration of environmental and cultural issues (Sheng et al., 2019; Zameer and Yasmeen, 2022). These ecological, health and social issues influence customer desire for safer and friendlier solutions, which drive this expansion (Pothitou et al., 2016; Sajid et al., 2022). Furthermore, some companies have followed this expansion to produce organic and environmentally friendly items. Many consumers have expressed an unparalleled desire to purchase these items (Nimse et al., 2007; Lee et al., 2014). These intentions to buy green products create more interest to researchers, and some cultural and environmental factors that influence green purchase intentions (GPI) remain unclear.
One area of green purchasing intention research gaining traction among academics and researchers is the influence of customers’ cultural values (Sheng et al., 2019). Culture is characterized as “a collective programming of the mind that distinguishes one group from another” (Hofstede, 2001, p. 255), and it is a significant factor in consumer behavior. Several studies have examined cultural orientations at the national level (Boeve-de Pauw and Van Petegem, 2013; Schmitz et al., 2014), but the present study examined collectivism and long-term orientation (LTO) at a personal level. Culture is ingrained in every individual, generating different views and behaviors (Riley et al., 2012; Cho et al., 2013). Even within a single culture, individuals’ cultural values may differ significantly (McCarty & Shrum, 2001). As a result, collectivism and LTO may be better able to explain the complicated patterns of green purchase intentions.
Moreover, these cultural beliefs do, in fact, influence green purchase intentions when it comes to ecologically friendly items (Riley et al., 2012). Collectivism and LTO as cultural values have been chosen since they are the most frequently established drivers of pro-environmental behavior (Leonidou et al., 2010). According to environmental psychologists (Fraj-Andrs and Mart nez-Salinas, 2007), consumers with a broader understanding of environmental issues will act in ways that are more ecologically beneficial and consistent with their values. These cultural value orientations influence environmental attitudes and ecological concerns, which drive consumer intention to purchase environmentally friendly items. In addition, due to cultural differences and approaches towards green products, this study also examined the mediating effects of environmental awareness on the relationship between cultural values and green purchase intentions.
Furthermore, the present study emphasized the process by which green purchase intentions are broadly described from an individualized perspective that places cultural values and attitudes at the center. Ecologically concerned individuals believe in self-evaluation within the context of the environmental problem and relate to the degree to which these individuals believe that their activities impact fixing a problem. These self-evaluations are known as perceived consumer effectiveness (PCE). High PCE is necessary to encourage consumers to turn their good thoughts into actual purchases (Vermeir and Verbeke, 2006). For this reason, the role of PCE in leading to green purchasing intentions was explored. The study started by outlining green purchase intentions and providing a literary context for the suggested direct and indirect effects of cultural values and environmental awareness on the propensity to make green purchases.
Through environmental awareness and PCE, this study aimed to investigate the impact of cultural values on green purchase intentions. In various aspects, it departed from the past research, which primarily focused on the effects of cultural values, personality, lifestyle, cost and development consciousness, ecologically conscious consumer behavior, and green purchase intentions (Chan, 2001; Sánchez and Lafuente, 2010; Schmitz et al., 2014; Jiang and Kim, 2015; Sheng et al., 2019); whereas the present study bridged the gap by examining the impact of cultural values on green purchase intentions using environmental awareness and PCE.
The current study’s first significant addition was based on the theory of planned behavior, establishing the groundwork for PCE in the culture and environment spectrum by demonstrating its relevance and significance. PCE well describes consumers’ responses to cultural values and improved green purchasing intents. Second, it established obligations for consumers to protect and fix the damages done to the environment as antecedents using cultural values, which helps to reinforce the suggested model. Third, it provided a mediation model for examining the interplay between environmental awareness, PCE, cultural values, and green purchasing intentions. Finally, this study made a methodological addition by combining the recently established importance-performance map analysis (IPMA) with the partial least squares technique to explain the suggested model better. As a result, the findings of this study have some practical implications for practitioners looking to increase green purchase intentions in global development.
2 THE THEORETICAL FRAMEWORK
As shown in Figure 1, the resulting model included the doctrine of the mean (collectivism and LTO) as independent variables, ecological concerns, environmental attitude, and PCE as a mediator in the process. Furthermore, this research assumed that PCE plays a critical role, making it a powerful construct. It aids in determining consumers’ thinking about environmental issues and how to fix them. Furthermore, green purchase intention was the dependent variable in this study, and ecological concerns, environmental attitude, and PCE serve as mediators.
[image: Figure 1]FIGURE 1 | The theoretical framework.
3 LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT
3.1 Theory of planned behavior
Consumer attitudes and behavior are crucial to identifying green purchasing in the environmental domain (Fraj-Andrs and Mart nez Salinas, 2007; McCarty and Shrum, 2001; Kabadayı et al., 2015). Theory of planned behavior (TPB) explains that people are more inclined to engage in specific behaviors if they think doing so will result in favorable outcomes and more control over behavior (Ajzen, 1991). Both general attitudes reflect opinions about environmental issues and specific perspectives, such as judgments about particular eco-friendly items and environmentally friendly behaviors. Also, PCE may be a reference point for people considering participating in environmental preservation and pro-environmental behaviors (Kabadayı et al., 2015). Understanding pro-environmental behavior requires thinking collectivism and LTO (Leonidou et al., 2010). According to Sharma (2010), most collectivists are prepared to put the needs of the group before their own; as a result, they are more inclined to act in an environmentally friendly way because it benefits the whole society. Similarly, consumers who think long-term are more prone to protect the environment by building a sustainable future for their families and themselves (Leonidou et al., 2010).
3.2 Green purchase intentions
The buying of green products is linked to green consumerism (Jansson et al., 2010), and consumers involved in these activities are known as “green consumers” (Lu et al., 2015). Environmental activism, sustainable consumption behavior, and ecological conscious behavior are some of the terms used to describe the intentions; and acting in a way that is good for the environment (Hirsh, 2010; Wesley et al., 2012; Lee et al., 2014). Green conduct entails more than just a change in attitude. It is usually connected with the use of products that are environmentally friendly—or do not harm the environment (Hasnah, 2014) or purchasing environmentally friendly products (Wang, 2014). Moreover, Kautish and Sharma’s (2020) study intended to advance and broaden previous work on green marketing by incorporating pro-environmental behavioral patterns and critically investigating the crucial constructs of willingness to be environmentally friendly and environmentally conscious consumer behavior.
Customers highly concerned about the environment are thought to have a good attitude toward green products, which is related to their high level of purchase intent. Concern for the environment directly and significantly impacts attitudes toward green products, which further affects the intention to purchase such products (Sharma et al., 2022). The pro-environmental behavior consists of public and private spheres as two main domains (Stern, 1999), and the present study focused on the private domain. The private realm comprises all environmental impacts from personal and home goods purchases, consumption, and disposal (Stern, 1999).
Individual customers’ environmentally friendly purchase behavior is influenced by their cultural beliefs (McCarty and Shrum, 2001). Researchers believe that collectivist cultural norms and consumers’ long-term perspectives substantially impact consumers’ purchasing intentions for environmentally friendly items (Nguyen et al., 2017). For Chinese consumers, collectivism and LTO are a part of their traditional culture and tied to their intentions to purchase green products.
Unlike prior studies on green consumption, this study examined the direct and indirect impact of cultural values (collectivism and LTO) on green purchase intentions by focusing on environmental concerns and PCE. Cultural values, ecological concerns, and PCE were considered significant antecedents of green purchasing intentions, which was the main crux of this study.
3.3 Relationship between perceived consumer effectiveness and green purchase intentions
PCE is defined as the ability to influence outcomes, which captures endless views about the effectiveness of consumer choices in general (Wesley et al., 2012). PCE is also described as the self-assessment within the context of the issue and refers to the level of consumers’ belief that their activities make a difference in fixing a problem (Berger and Corbin, 1992). A high PCE must remind customers to turn their happy feelings into actual purchases (Vermeir and Verbeke, 2006). Keeping in view, the consumers who have a favorable attitude toward green consumption are more likely to support green consumption practices when they feel they can contribute to the solution of the environmental crisis (Vermeir and Verbeke, 2006; Lee et al., 2014).
Recently, it was found that behavioral control, attitudes, and subjective (or social) norms are accurate predictors of environmentally friendly consumer behavior (e.g., Vermeir and Verbeke, 2006). Similarly, a person’s perception of their capacity to impact issues with environmental resources is also measured by perceived consumer effectiveness, and this study showed that environmental awareness and recycling intents considerably reduce the adverse effects on green purchase behavior of perceived consumer effectiveness and readiness to practice environmental friendliness (Kautish et al., 2019). TPB, frequently used to investigate green consumer behavior (Ajzen, 1991), links PCE closely to perceived behavioral control. According to TPB, an individual’s intention to behave in a given way can be explained in a causal sequence by their attitudes toward conduct, perceptions of social pressure, and perceptions of the difficulty of the behavior (i.e., perceived behavioral control). People’s perceptions of how easy or difficult it is to do the desired activity are perceived as behavioral control (Ajzen, 1991). Similarly, it is believed that PCE benefits green purchase intentions because people’s conduct is significantly influenced by their confidence in their capacity to accomplish it. H1 was formulated based on the abovementioned literature (please see Section 3.7 Hypotheses).
3.4 Relationship between ecological awareness and perceived consumer effectiveness
The present study has combined the concepts of ecological concerns and environmental attitudes as ecological awareness. It is about the awareness of the concerns and effects of our attitudes and behaviors on the ecosystems and environment around us individually and collectively (Caporali, 2021).
3.4.1 Ecological concerns
Ecological concerns, also known as environmental consciousness, are a person’s viewpoint, attitude, and level of concern for the environment (Said et al., 2003). Ecological concerns, environmental consciousness for the environment, and an understanding of its conservation value are the elements of ecological concern (Hirsh, 2010). Many of the environmental problems we face today are the direct result of human activity, so that behavioral remedies may be required (Oskamp, 2000). Since fixing ecological issues at the individual level is different from group perspectives, environmental concerns must be measured (Kautish et al., 2021). In other words, their individualistic mindfulness or attention to environmental issues is unrelated to their collective tendencies (such as garbage recycling) to address the problems with nature on a global scale (Tandon et al., 2020). Human behavior significantly impacts the global ecology, for better or worse. Therefore, consumers think they can influence the outcomes, and their activities make a difference in fixing environmental problems (Berger and Corbin, 1992). Consumers with more significant ecological concerns will involve themselves more and consider setting these concerns. Based on these facts, H2 was developed for the present study (please see Section 3.7 Hypotheses).
3.4.2 Environmental attitude
Kahn and Kahn (2006) defined an attitude as a person’s positive or negative reactions, to a thing, object, place, or phenomena and as a predictor of behavior (Ajzen, 1991). Applying this to the environmental world, environmental attitude is a person’s capacity to assess the environment’s state with a particular level of agreement (Milfont and Duckitt, 2010). Steg et al. (2014) defined pro-environmental behavior as “any action that improves the quality of the environment, whether or not it results from pro-environmental intent” (p. 105). Attitude is the predictor of behavior, so environmental attitude leads to pro-environmental behaviors (Yang et al., 2022). A green (environmental) attitude plays a crucial role as a mediating variable in value orientation and green purchase behavior relationship (Kautish and Sharma, 2019). Moreover, the environmental attitude helps a consumer assess and perceive the environment and guides him to improve the quality. This attitude fuels the consumers to fix the ecological issues and allows them to buy eco-friendly products. So, the current study could hypothesize H3 (please see Section 3.7 Hypotheses).
3.5 Relationship between cultural values and environmental awareness
Cultural values are a philosophy representing a way of thinking and how to behave in a particular society (Chang and Yang, 2014), also known as software of minds (Hofstede, 2001). As previously stated, cultural values promote moral ideas such as a holistic perspective, collectivism’s virtues, and harmony among the community (Bashir et al., 2013). These values play a significant part in the Chinese people’s daily life (Chang and Yang, 2014). The present study investigated collectivism and LTO, two dimensions of cultural values. Comprehending pro-environmental behavior requires understanding collectivism and LTO (Leonidou et al., 2010).
3.5.1 Collectivism
According to collectivism, individuals are tightly tied as members of one or more groups, such as family, peers, and society (Triandis, 1995). Most collectivists are willing to put the group’s aims ahead of their own (Sharma, 2010); as a result, they are more inclined to act ecologically friendly because it is good for the collective (Zhuang et al., 2021). When faced with social difficulties related to green purchasing behavior, they are more likely to display cooperative behavior and forego personal rewards (Kim and Choi, 2005; Leonidou et al., 2010). Collectivists are more concerned about ecological concerns as they think about the whole society or group. Moreover, the collective approach also plays a vital role in forming positive environmental attitudes in the community (Chowdhury et al., 2021). So, it could be hypothesized as H4 and H5 (please see Section 3.7 Hypotheses).
3.5.2 Long-term orientation
LTO is defined as “cultivating virtues geared toward future rewards, particularly preservation and thrift” (Hofstede, 2001, p. 260). It measures how much of an individual’s perspective is pragmatic and future-oriented rather than short-term (Hofstede, 2001). Long-term-oriented people cherish both the future and the past and put effort into long-term planning, traditions, hard struggle, and perseverance (Bearden et al., 2006). Similarly, these people also think about the ecological concerns of society as they plan long-term objectives (Chowdhury et al., 2021). Moreover, consumers who think long-term are more likely to protect the environment by establishing stable conditions that will allow their families and themselves to prosper (Leonidou et al., 2010). These LTOs help consumers build their eco-friendly attitudes, leading them toward pro-environmental behavior. So, it can be hypothesized as H6 and H7 (please see Section 3.7 Hypotheses).
3.6 The mediating role of environmental awareness and perceived consumer effectiveness
Collectivists are frequently more concerned for the general welfare, including the environment, because they are more prepared to put groups’ aims before their own (Sharma, 2010). Many people believe that it is their responsibility to preserve the environment for the benefit of their communities (Cho et al., 2013; Zhuang et al., 2021). Collectivists are more likely to forego personal costs and the additional difficulty associated with pro-environmental behavior because they believe in its efficacy (Kim and Choi, 2005). Several early studies of environmental behavior, particularly green purchasing, have shown a favorable association between collectivism and ecological concerns (e.g., McCarty and Shrum, 2001; Leonidou et al., 2010). The pro-environmental literature explains that PCE is believed to be a function of how consumers think about their potential to contribute positively and influence the environment (Cho et al., 2013). So, the present study hypothesized H8 and H9 (please see Section 3.7 Hypotheses).
Long-term focused people typically respect families and traditions and make plans for the future. As a result, they adopt a mindset of environmental protection for their kids and themselves to succeed in the future (Leonidou et al., 2010). Regarding environmental protection, empirical studies have shown that consumers with LTO are aware of a more positive outlook on the environment (Milfont and Duckitt, 2010). Consumers with LTO seek advice and help from significant people since they are more likely to manage their money correctly and examine alternatives when involved in green purchases (Hofstede, 2001; Sharma, 2010). Consumers with a favorable attitude toward the environment are likelier to engage in the corresponding behaviors (Tanner and Kast, 2003). According to Antonetti and Maklan (2014), individual sensations of post-consumption remorse and pride increase PCE in sustainable consumption. So, there is a need to study cultural values that promote PCE and its relationship with green purchase intentions. Based on these facts, H10 and H11 were constructed for this study (please see the following Hypotheses section).
3.7 Hypotheses
Keeping in view all the literature mentioned above, the following hypotheses were formulated:
H1: PCE has a positive impact on green purchase intentions.
H2: Ecological concerns have a positive relationship with PCE.
H3: Environmental attitude has a positive effect on PCE.
H4: Collectivism has a positive impact on ecological concerns.
H5: Collectivism has a positive effect on environmental attitudes.
H6: LTO has a positive effect on environmental attitude.
H7: LTO has a strong positive impact on ecological concerns.
H8: Ecological concerns mediate the relationship between collectivism and green purchase intentions.
H9: PCE mediates the relationship between collectivism and green purchase intentions.
H10: Environmental attitude mediates the relationship between LTO and green purchase intentions.
H11: PCE mediates the relationship between LTO and green purchase intentions.
4 METHODOLOGY
4.1 The participants
The population analyzed in this study was consumers involved in green product buying. The criteria for selecting consumers were a) consumers must have experience in buying products and have not bought green products, and b) consumers must know their culture and environment very well. A random sample of 371 consumers was selected from various cities across China using the non-probability sampling technique. Table 1 displays the demographic information.
TABLE 1 | Demographic profile.
[image: Table 1]4.2 The instrument
In addition to such demographic information as gender, age, marital status, income, and education, a five-point Likert scale was used to examine individual responses. The scale was increased from 1 to 5, with one denoting strong disagreement and five representing strong agreement. The scale was first created in English with support from literature before being translated into Chinese. The forward and backward translation method was used for all constructs to assure translation accuracy (Sperber et al., 1994). Table 2 summarizes the scale, and the complete scale with their factor loadings is included in Appendix A.
TABLE 2 | A summary of the scale.
[image: Table 2]4.3 Data collection procedures
The survey was constructed, and data were collected on Survey Star, a platform popular by researchers in China. The survey was distributed to different Chinese customer groups. It provided the participants with information about the study, and their participation was voluntary.
4.4 Data analysis methods
To evaluate the model’s significance, the Smart PLS-SEM 3.0 used a non-parametric approach known as bootstrapping. The partial least square-structural equation modeling (PLS-SEM) method was employed in this investigation since it is a well-liked method for examining new research trends and developing models rather than only providing confirmation (Urbach and Ahlemann, 2010). Additionally, the decision to use PLS-SEM was based on its capacity to simultaneously estimate causal links among all latent components while addressing measurement errors in the structural model (Kautish et al., 2022). Predictive accuracy, relevance, and path modeling were calculated using the bootstrapping method (Gaskin et al., 2018). The present study assessed the measurement model (i.e., reliability and validity), structural model, mediation analysis, and the IPMA.
The proposed model’s reflective constructs were assessed utilizing reliability and validity tests. Factor loadings, average variance extracted (AVE), discriminant validity, composite reliability, and Cronbach’s alpha values were calculated to assess validity and reliability (Kautish et al., 2022). The factor loadings had large values, so no measurement items were deleted. According to Hair et al. (2016), convergent validity is established if the AVE, composite reliability, and factor loadings are greater than 0.50, 0.70, and 0.60 respectively. Furthermore, the Fornell-Larcker and Heterotrait-Monotrait ratio (HTMT) criteria were used to determine discriminant validity. The off-diagonal values for each construct must be less than the square roots of AVE values (Fornell and Larcker, 1981). The HTMT ratio is also a measure of variable similarity (Kautish et al., 2020a, Kautish et al., 2020b; Kautish and Sharma, 2019). To meet the HTMT requirement, all values must be less than 0.90 (Henseler et al., 2015). The structural model was examined after verifying the measurement model’s validity and reliability.
To address the recent research, various hypotheses were developed based on the body of literature. For the structural model study, seven hypotheses were formulated. PCE and environmental awareness predicted green purchase intentions. A bootstrapping process with 5,000 samples was used to construct the path coefficients and accompanying t-values to determine the significance of the path and the loadings (Kautish et al., 2020a). It was also expected that cultural values would impact environmental awareness and PCE. T-values greater than 1.196 further clarified the significance of the hypotheses (Kautish et al., 2020b). Moreover, the importance of environmental awareness and PCE as a mediator between cultural values and green purchase intentions was further explored through mediation analysis. The current study focused on bootstrapping and used the most recent conventions to examine the mediating functions of various constructs.
In partial least squares (PLS)-SEM, the IPMA is a valuable and systematic instrument that visually displays the difference between the relevance and performance of the variables and widens the conventional route coefficient estimations in a more investigative manner. IPMA’s primary goal is to determine which antecedents have good performance but are low in relevance and vice versa (Sarstedt et al., 2017).
The adjusted R2-value for GPI is 42.9%, 58.1% for PCE, 34% for EC, and 41.6% for EA. The standardized root mean square (SRMR) value was also calculated as part of the bootstrapping technique to measure model fitness. The SRMR value for the structural model employed in this investigation was 0.069, which fell within the permissible range of 0–1 (Hooper et al., 2008).
5 RESULTS
5.1 The measurement model
The measurement model was used to authenticate the reliability and validity of the instrument, and all of the presented values in Table 3 were within the prescribed range.
TABLE 3 | Items, Cronbach’s alpha, standard loading, composite reliability (CR), and average variance extracted (AVE).
[image: Table 3]The square root of each AVE on the diagonal was compared to the correlation coefficients (off-diagonal) for each construct in the relevant rows and columns; the square root of each construct’s AVE was greater than its correlation with another construct. As seen in Table 4, this requirement was also met (Fornell and Larcker, 1981).
TABLE 4 | Discriminant validity—Fornell-Larcker criterion.
[image: Table 4]All constructs had an HTMT ratio of less than 0.90; this requirement was also met (Kautish et al., 2022), as indicated in Table 5. As a result, the constructs’ discriminant validity was established.
TABLE 5 | The HTMT (Heterotrait-Monotrait ratio).
[image: Table 5]5.2 The structural model
The path coefficients of the proposed model obtained from the bootstrapping technique are shown in Figure 2. The result of H1 revealed that PCE significantly impacted GPI (β = 0.656, t = 16.176). H2 evaluated the relationship between EC and PCE, and the results showed a significant relationship between these constructs (β = 0.332, t = 5.214). Similarly, H3 found a significant positive relationship between EA and PCE (β = 0.482, t = 7.326). The impact of COL on EC was also significant and positive (β = 0.201, t = 3.905), proving H4. H5 investigated the relationship between COL and EA and explained the significant positive relationship (β = 0.283, t = 4.713). LTO had a strong positive impact on EA (β = 0.441, t = 6.925). and it was investigated in H6. In relation to H7, LTO impacted positively on EC (β = 0.521, t = 9.254). Table 6 summarizes the findings.
[image: Figure 2]FIGURE 2 | Path coefficients of the proposed model.
TABLE 6 | Structural relationships and hypothesis testing.
[image: Table 6]5.3 The mediation analysis
According to the findings, COL had a considerable direct effect on GPI. The indirect influence of COL on GPI via EC and PCE was also significant. As a result, both direct and indirect effects were significant. Moreover, LTO also showed a substantial relationship with GPI, and the indirect impact of LTO on GPI through EA and PCE was also substantial. The conditions were met according to the latest convictions (Zhao et al., 2010; Hayes 2013; Hussain et al., 2021), proving that EC, EA, and PCE played as mediators.
The present study also calculated the variance accounted for (VAF), which determines the intensity of the indirect effect relative to the total impact (VAF = indirect effect/total effect), and found that there was partial mediation between all the mediating hypotheses. As a result, hypotheses H8, H9, H10 and H11 are accepted. The results are shown in Table 7.
TABLE 7 | The mediation effects.
[image: Table 7]5.4 The importance-performance map
GPI was a dependent construct in our model, and five antecedents predicted it: Col, LTO, EC, EA, and PCE. Col had an importance value of 0.133 and a performance value of 73.841, as shown in Figure 3. LTO had a more importance value of 0.253 and a performance value of 80.094. EC had an importance value of 0.218 and a performance value of 75.648, whereas EA had an importance value of 0.316 and having importance value of 77.420. PCE was the last predictor having an importance value of 0.656 and a performance value of 75.739. Comparing these constructs (Col, LTO, EC, EA, and PCE), PCE was a much more critical construct, whereas LTO was substantial in performance. As a result, marketers should focus on PCE as an essential construct and LTO as performance to enhance the GPI.
[image: Figure 3]FIGURE 3 | The IPM
6 DISCUSSION AND CONCLUSIONS
Cultural values and environmental awareness have influenced human behavior, including changes in consumption patterns and behaviors. They have also affected people’s lifestyles, buying intentions, needs and wants, and how they consume products and services. During these cultural and environmental changes, one prominent tendency is an upsurge in green purchasing. The findings demonstrate that consumers’ cultural values (COL and LTO) enhance green purchase intentions by improving environmental attitudes, ecological concerns and PCE and reducing the perceived inconvenience of green purchasing. Although various studies on GPI have been undertaken, the parameters that govern this construct remain unknown. This study filled in the gaps, discovering that GPI is impacted by the COL, LTO, EC, EA, and PCE. Furthermore, the R2 value demonstrates that COL, LTO, EC, EA, and PCE are effective predictors of GPI.
In the current era of globalization, cultural values play a crucial role in consumer behavior. According to the findings, the impact of COL and LTO on ecological concerns and environmental attitudes are found, and they have a strong positive relationship. This builds on Chan (2001) and Leonidou et al.'s (2010) previous work on the impact of collectivism and LTO on environmental attitudes. Chinese culture is genuinely believed to be a collectivist culture compared to individualism (Hofstede, 2001; Essays, 2013), so the findings are backed by previous literature. Chinese consumers who strongly identify with such cultural values will be more likely to take proactive actions to conserve the natural environment for their and others’ future well-being (Leonidou et al., 2010). As a result, consumers’ green purchase intentions are favorably connected with an eco-centric perspective and a long-term view on the matter (Tandon et al., 2021).
Environmental attitude, in particular, has the most significant impact on perceived consumer effectiveness, whereas ecological concerns have less effect on PCE (Kautish et al., 2019). Keeping in view, the consumers who have a favorable attitude toward green consumption are more likely to support green consumption practices when they believe they can help solve the environmental problem (Vermeir and Verbeke, 2006; Lee et al., 2014). So, the results of the current study are consistent with the literature (Kautish et al., 2019; Tandon et al., 2020). Furthermore, data analysis revealed that PCE is a significant antecedent of their green purchasing intention (Kautish and Sharma, 2020). This discovery follows prior research findings in the field, highlighting the essential relationship between PCE and a consumer’s GPI (Antonetti and Maklan, 2014; Y. Lee et al., 2014; Kabadayı et al., 2015).
This study was limited in the following three ways. First, it only focused on green products and green purchase intentions in general, rather than specific categories of ecologically friendly goods. Varied green goods may yield different results, which deserve additional exploration. Second, this study only used cross-sectional data for analysis. Longitudinal studies can be more helpful for the justification of the impact of cultural values and environmental awareness on GPI over time. Finally, the sample size was small, which could not generalize the results to the whole population. Large sample size from every part of China can solve this issue.
In light of these limitations, the following conclusions were made. The goal of this study was to determine the factors that influenced GPI, as well as the link between these factors and GPI. Based on TPB, it created and tested a mediation model to capture the influence of cultural values (COL and LTO) on green purchase intentions through environmental awareness and PCE. The suggested conceptual model’s robustness was evaluated using quantitative analysis (PLS-SEM). The results revealed that ecological awareness and PCE were the most critical factors in converting green purchase intentions via cultural values. The results of the empirical study also demonstrated that environmental awareness and PCE influenced the effects of collectivism and long-term orientation. It also showed that these cultural values were the most critical constructs affecting green purchase intentions. This study’s findings also revealed that environmental awareness and PCE partially mediated the relationship between cultural values and GPI. Furthermore, this research emphasized the importance and usefulness of PCE, recognizing them as a novel way to improve GPI. These findings also added to the expanding body of literature indicating that PCE created self-awareness and fixed the environmental issues, which aided in developing the suggested model.
This research added to the body of knowledge in the following ways. First, the cultural values include the belief that Chinese consumers are dedicated to working as a group and thinking about society. These unique beliefs aid the community in enhancing green purchase intentions, which would be impossible without environmental awareness and perceived consumer effectiveness. This study also introduced PCE as an essential variable in building a consumer-society relationship via cultural values in enhancing green purchase intentions. Second, by including PCE, this study improved understanding of the cultural values and environmental concerns in green purchasing. This study helped understand consumers’ thinking better and fix environmental issues by enhancing green purchase intentions. Third, it provided empirical support for the suggested model of cultural values, ecological awareness and PCE in green purchase behavior. This study used PCE as an intervening variable. It tended to be the link between cultural values and consumers’ GPI. It clarified the GPI of consumers on their culture more precisely.
This study’s findings have ramifications for marketers, producers, retailers and policymakers who want to establish green marketing strategies and support green consumption. The study’s results suggest that Chinese consumers place a lot of importance on the doctrine of the mean, and changes in values can be effectively achieved by information processing (advertising). Marketers can enhance green purchase intentions through advertising to appeal to Chinese consumers who connect most strongly with the Doctrine of the Mean, making green purchasing decisions easier.
The results of the present study demonstrated that environmental awareness and PCE positively mediate the relationship between cultural values and green purchase intentions. Government and private entrepreneurs can collaborate with non-governmental organizations and institutions to launch more campaigns to increase consumer environmental awareness for environmental protection (Sharma et al., 2022). These awareness campaigns can be constructed to persuade Chinese consumers about buying environmentally friendly products. Furthermore, these campaigns also give problem-fixing strategies to consumers about the environment, just like they think in PCE.
Finally, this study investigated the impact of cultural values, environmental awareness and PCE on green purchasing intentions, which could also pave the way for a bright future for China’s green products sector. These findings could help manufacturers invest in green products since cultural values, and environmental awareness are more likely to become habits in the future.
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Environmental degradation is a significant concern that jeopardizes global sustainable production and consumption. In this instance, ASEAN (Association of South-East Asian Nations) has contributed to a considerable amount of carbon dioxide (CO2) emissions throughout the modernization phase. However, there is a paucity of information within this region on the non-linear impact of transitions in green and sustainable technological innovation on CO2 emissions. In response, the present work endeavors to bridge the existing research gap by examining the asymmetrical and periodic interactions between green and sustainable technological innovation and CO2 emissions by employing cross-sectional time series data of 7-ASEAN economies over the period 1990 to 2017. The co-integrating connections between the specified parameters were established using the Wester-Lund cointegration technique. Further, the Cross-Sectionally Augmented Autoregressive Distributed Lag estimator revealed that negative disruptions in green and sustainable technological innovation lead to CO2 emissions during downturns. Secondarily, the findings confirmed positive surges in green and sustainable technological innovation minimize CO2 emissions during times of economic expansion. Also, as compared to foreign direct investment, current statistics indicate that renewable energy utilization seems to have a substantial impact on reducing carbon emissions. Besides, the robustness analysis corroborated the uniformity and validity of the given outcomes. Consequently, the outcomes divulged a counter-cyclical interaction between green and sustainable technological innovation and CO2 emissions.
Keywords: green and sustainable technological innovation, the ASEAN economies, sustainable development, technological advancement, environmental degradation, CO2 emissions
1 INTRODUCTION
Sustainable development aims to create a healthier sustainable global environment in which future civilizations experience fewer obstacles due to resource constraints and the accumulation of pollutants into the atmosphere. Sustainable development is a significant development paradigm as it incorporates economic, sociological, and environmental issues, as well as the interconnections between energy, environmental, and societal aspects. It assures that key resources such as electricity, water, and nutrition are accessible to current and future generations, and prioritizes reducing the breadth of ecological concerns across regional and generational bounds. Nevertheless, in emerging parts of the world, the shift to sustainable development is still in its early stages, and economies all over the world are battling to manage their economic growth goals without depleting natural resources. Although they have emitted comparatively modest levels of different environmental pollutants, emerging nations are projected to be impacted significantly by climatological changes owing to their weak adaptation capacity. Given the economic crisis and border restrictions in many regions, the COVID-19 pandemic adds to the ambiguity in applying sustainable policies to tackle climatic changes. Green technology’s significance and value as a climatic change adaptation driver, on the other hand, has always been critical in presenting a new viewpoint on sustainable development.
The mounting levels of carbon dioxide (CO2) in the atmosphere and subsequent environmental degradation are one of the most significant catastrophes of modern times (E. Rehman et al., 2020). The Universe has indeed embraced the importance of environmental disruption by endorsing the Kyoto Protocol 1997) and thereafter approving the Paris Agreement, intending to keep global temperature expansion within pre-industrial standards (Lashof & Ahuja, 1990). Nations have devoted themselves to stepping up their endeavors and resources in order to attain a more sustainable environment. Regrettably, CO2 emissions spiked again during 2017 after remaining relatively stable for nearly 3 years. Non-OECD regions, particularly Asian ones, contributed more than a 2% increase this time (Khattak et al., 2022) (Balsalobre-Lorente et al., 2022a). The immoderate utilization of fossil fuels is a key driver of sloping environmental pollution upward. Fossil fuel incineration alone is responsible for approximately 90% of global CO2 emissions. The Association of Southeast Asian Nations (ASEAN) was established in the year 1967 and presently has ten members: Cambodia, Indonesia, Brunei, Myanmar, Laos, Malaysia, the Philippines, Thailand, Vietnam, and Singapore. This region is endowed with approximately 8% of the world’s fossil fuel reserves and is regarded as one of the world’s leading economic fulcrums. These economies are significantly reliant on trade. Due to predicted economic and population development, ultimate energy usage is anticipated to rise at a yearly growth of 4.4 percent by the year 2030. Additionally, the proportion of global greenhouse gas (GHG) emissions in this region, which was 4% in 2013, is expected to more than double by 2040 due to excessive fossil fuel usage (Salman et al., 2019) (E. Rehman & Rehman, 2022).
The economic growth rate of this region has been approximately 5.5% on average for more than 3 decades and concerns are growing that ASEAN countries’ economic progress, which is coupled with an upsurge in energy demands, leads to GHG emissions that trigger climate change (Ahmed et al., 2017). Environmental deterioration caused by extensive fossil fuel utilization has been credited for subsequent natural catastrophes in ASEAN members (Rosenzweig et al., 2010). Climatic change issues had been disregarded throughout the region (excluding Singapore) until recently, with a significant focus on the adoption of growth initiatives (Helm et al., 2012). Due to a lack of investments in energy technologies, an over-reliance on fossil fuels, and insufficient renewable energy utilization, the ASEAN region has become the world’s third highest emitter (Tuna & Tuna, 2019) (Ahmed et al., 2017). Since Asia’s growing economies have borne the brunt of economic growth, the twenty-first era is known as the Asian Era. ASEAN is now a significant economic union, with a GDP of 2.6 trillion (USD) and a GDP growth of about 5.2% (FocusEconomics, 2018) (Nasir et al., 2019), and this expansion is projected to continue within this region.
In line with the foregoing, technological advancement has supported economic excellence by facilitating competitiveness, green technology, and long-term growth. Governments throughout the world utilize a combination of market-based and non-market-based measures to combat pollution (Nikzad & Sedigh, 2017) (Jahanger et al., 2022). More specifically, sustainable green technologies (SGTs) can contribute to energy conservation and green innovation (Khattak et al., 2022) (Franceschini & Pansera, 2015). Several governments and organizations are pursuing such advancement and development in renewables, green energies, and SGTs despite the fact of also enacting rules to safeguard intellectual copyright connected to SGTs. ASEAN governments and other authorities have contributed significant resources for SGTs-related research and intellectual property rights creation to academia, social entrepreneurs, and the state administration. Singapore, for example, has the most SGTs patents among the ASEAN members, from 2000- to 2016. From 1990 to 2016, Malaysia experienced the strongest global coordination in SGT’s patent claims, followed by the Philippines, Thailand, Indonesia, and Vietnam (Sun et al., 2022). Most noteworthy, findings indicate different periodic trends (+ve & -ve) in SGT copyright claims in ASEAN states amid surges and recessions. The increasing quantity of SGT articles over the previous decade highlights the ASEAN group’s policymakers’ and governments’ eco-consciousness. Several programmers and initiatives have been implemented by scientific institutes and social entrepreneurs to speed SGT-focused research, growth, licensing, and patenting.
Scholars have debated that, in comparison to the BRICS (Brazil, Russia, India, China, and South Africa) economies, the ASEAN governments have shown insufficient advancement in harnessing technology advancement for economic growth, environmental protection, and achieving the Sustainable Development Goals (SDGs) (Anwar et al., 2021) (Du et al., 2019) (Ahmad & Zheng, 2021) (Rafique et al., 2020). Technological advancement as per Hall & Vredenburg (2003), is a benefit in disguise. This notion argues that technological advancement may enable businesses to succeed, but it can also lead to corporate catastrophes, environmental disturbance, and social destitution. Between 2000 and 2008, a comparison of the group of seven and the BRICS group revealed that the United Kingdom (United Kingdom), Italy, and France effectively translated their innovation potential into societal, environmental, and economic growth. The United States, China, and the Russian Federation, on the other hand, were identified as the most unproductive countries in both regions (Santana et al., 2015) (T. Jiang et al., 2022). Economic fluctuations (surges and downturns) may influence investments and financing in efforts related to SGT, altering the growth and deployment of technical advancement across sectors and geographies. The pace of emissions from carbon dioxide is affected by this transition in technological development during surges and downturns (Usman & Balsalobre-Lorente, 2022). It is anticipated that a positive surge in innovation in green and sustainable technologies (INOGST) during peak times would significantly minimize emissions from CO2, based on the INOGST variation in group of seven nations from 1990 to 2019. A -ve surge in INOGST, on the other hand, would lead to CO2 emissions. Given that, there is no quantitative assessment of INOGST’s periodic and non-linear influence on CO2 emissions in the published literature. Consequently, the primary goal of this research is to delve at the periodic aspects of +ve and -ve shocks in INOGST during periods of economic fluctuations.
On the other hand, globalization pertains to the economic, cultural, and political interconnectedness of several regions. It has changed the world swiftly and profoundly as innovation, economic trade, global finance, and multilateral activities of transnational organizations have progressed (Garrett, 2000). Many academics have explored its contribution to economic growth, inequalities, poverty, and perhaps other challenges (Yuping et al., 2021) (Leitão, 2014) (S. Rehman et al., 2022) (Irfan et al., 2021). Unfortunately, only a few academics have paid attention to its environmental consequences. In addition, although prior investigations delved into the environmental consequences of globalization, the rationale of globalization is still fragmentary. More precisely, existing literature has mostly concentrated on the economic implications of globalization, considering trade liberalization as a benchmark for globalization (Shahbaz et al., 2017b) (Kim et al., 2019) (Acheampong et al., 2019). Carbon emissions are influenced by trade liberalization. Yet, it is incapable of capturing all of the consequences of globalization. Trade liberalization, in particular, can reflect global trade, which may only be one facet of globalization, but it cannot identify other dimensions of globalization such as capital and informational flows, political engagement, and so forth. As a result, utilizing trade liberalization to evaluate the influence of globalization on carbon emissions could lead to skewed conclusions. To counteract this deficit, we use the Dreher-developed KOF globalization index (Dreher, 2006). This index is adopted in several recent pieces of research to split globalization into three different perspectives of economic, social, and political globalization. You & Lv, (2018) investigated the spatial effects of the KOF globalization index on carbon dioxide emissions across 83 economies. The KOF index was deployed by (M. K. Khan et al., 2019) to examine the negative impacts of globalization, non-renewable energy usage, and other economic indicators on carbon dioxide emissions within a developing country like Pakistan. This index was successfully implemented by some other researchers to explore the nexus across different regions of the world (de Oliveira & Moutinho, 2022) (Padhan et al., 2020) (Wang et al., 2020).
To recapitulate, academicians have thoroughly explored the direct connections between ecological and technical innovation and CO2 emissions using various econometric methodologies. The existing literature, on the other hand, has several drawbacks. First, by developing linear frameworks to assess the relationship between CO2 emissions and ecological or technical innovation, most investigators have undervalued the critical significance of disruptions and asymmetries. Secondarily, the prior non-linear approaches have mostly addressed the connections between CO2 emissions and technological advancements (rather than INOGST). Furthermore, several geographies and economies have gone through repeated periods of downturns and resurgences in recent years (Weimin et al., 2022). Undervaluing the importance of trade phases in economic models can lead to inaccurate, irregular, and deceptive outcomes. However, there is no empirical proof in the present literature on how successive surges and downturns have altered the INOGST and carbon emissions coupling, particularly in ASEAN states (Ahmad & Zheng, 2021).
Consequently, the principal aim of this paper is to explore the periodic aspects of positive & negative disruptions in INOGST throughout times of economic fluctuations. Further, our investigation also determines how these disruptions affect carbon emissions. The graphical abstract of the presented study is shown in Figure 1. The present research contributes to the existing body of knowledge in three major aspects.
• To the best of the author’s knowledge, the present work is a novel attempt to develop a macroeconomic paradigm that illustrates how positive and negative INOGST disruptions in distinct economic phases influence CO2 emissions.
• The Environmental Kuznets Curve (EKC) theory has been widely employed in the past to assess the relationship between macroeconomic indicators and CO2 emissions. However, this research proposes an unconventional theoretical and factual paradigm to investigate the association between alternative (positive vs negative) INOGST disruptions and CO2 emissions during expansions and downturns.
• In addition to the foregoing, our research establishes an empirical cornerstone for Ahmad and Zheng’s (Ahmad & Zheng, 2021) theoretical concept of innovation in environment-related technologies (IERT) and the CO2 emissions chain.
[image: Figure 1]FIGURE 1 | The graphical abstract.
2 MATERIALS AND METHODS
2.1 Theoretical framework
The relationship between labor and capital can be described in the accompanying equation, as given in Weimin et al., 2022:
[image: image]
where, Ci = Capital Input, Sit = Factor of scale, and Xit = Final output (economy), the subscript t = Time-span; and i denotes Index for Country.
It is suggested that businesses begin innovation efforts to improve the effectiveness of the final product (Xin et al., 2021). Consequently, innovative activities (INO) are included in the underlying manufacturing operation, according to Weimin et al., 2022:
[image: image]
Depending on the nature and purpose, innovation could be divided into two categories: general innovation (GINO) and green and sustainable technologies innovation (INOGST) as depicted below:
[image: image]
Firms are also anticipated to pursue INOGST as a result of environmental regulations set by the government, as shown below.
[image: image]
Upgrading existing technology or developing new green technology takes time and resources, both physical and financial. Enterprises invest economic resources in terms of green research and development (R&D) (G≻R&D) investments, acknowledging the protracted process of INOGST. The total costs and investment in INOGST are assumed to be the G≻R&D investments, as shown by the equation given:
[image: image]
where, [image: image] is the INOGST connected depreciation rate, while [image: image] and [image: image] denotes the profusion of the final outcome and capital inputs allocated to INOGST. Due to varying economic phases, [image: image] may find itself in one of the three scenarios:
[image: image]
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where, Eqs. 6–8 designate the profusion, balance, and lack of G≻R&D encountered by businesses, respectively. The provision and sharing of G≻R&D are required for the launch and growth of fresh green technology, as indicated in the following mathematical structure:
[image: image]
The linkage of the supply side economic operation and carbon emissions can be stated as below:
[image: image]
By substituting [image: image] into [image: image], the accompanying pollution equation is extracted:
[image: image]
Further, G≻R&D is a key component of INOGST as a percentage of the overall R&D production. Assuming R&D as a pro-cyclical process, alterations in G≻R&D can mimic the overall R&D patterns during ups and downs. This hypothesis suggests that G≻R&D would expand during economic crises (Ahmad et al., 2021). Economic crises are times in the economy when government spending, Growth, exports, and purchasing power all rise. This increase boosts income and profits for businesses by encouraging the low-cost production of surplus goods. This situation increases the amount of money available for G≻R&D. in the boom phase, a company has more accessible funds for G≻R&D to develop fresh or upgrade existing green technologies. The utilization of modern INOGST in manufacturing reduces CO2e. This rationale suggests that INOGST encounters positive waves as a result of increased G≻R&D spending. During boom times, the positive disruptions in INOGST, fueled by high G≻R&D, encourage the adoption of modern and improved versions of green technology that emit less Carbon.
In contrast, during a recession, economies tend to shrink. Government spending, economic growth, trade, and buying power are all falling. Due to reduced production, recessions have a negative impact on business profitability and sales. With inadequate resources and financing constraints, businesses are suspended INOGST until the economy improves (Ahmad et al., 2021). As the chance of generating a modern or existing GST disappears, businesses rely on the existing GST models, which are less environmentally friendly and less effective. In addition, the cost of depreciation and the maintenance of the existing GST has increased. Governments also loosen prohibitions on the use of polluting technologies during recessions to boost production, demand, and development. Companies save money and lower product prices by utilizing dirty technology, yet CO2e levels rise. In a broader context, carbon dioxide emissions may rise if the INOGST suffers negative disruptions as a result of the lack of G≻R&D funds [image: image] to build new or existing INOGST during recessions.
The following expression can be used to integrate INOGST disruptions into the CO2e function, according to (Weimin et al., 2022).
[image: image]
In the above equation, [image: image] and [image: image] denotes + ve (booms) and -ve (recessions) disruptions of INOGST. The + ve disruptions are defined by elevated INOGST activities driven by raised G≻R&D [image: image] during economic booms, while the latter signifies an unfavorable transition in INOGST attributable to reductions in G≻R&D [image: image] (recession).
The irregular and cyclic movements in INOGST are explained by the following given expression:
[image: image]
The identity function is depicted as [image: image] and [image: image].
[image: image]
[image: image]
As given in (Ahmad et al., 2021), the two types of INOGST disruptions (+ve & -ve) are expressed as below:
[image: image]
As per previous literature, all capital goods are rich in carbon (Q. Jiang et al., 2021), they are either based on energy [image: image] or non-energy based [image: image] CO2 emissions when the later type is utilized in production, as below:
[image: image]
Thereby, the pollution equation can be demonstrated in the following form:
[image: image]
Energy utilization has already been included as an essential feature of CO2 emissions in empirical investigations. Even though (Jaforullah & King, 2017), claimed that the pollution function’s energy utilization factor could produce erroneous estimates due to systematic instability within the coefficient. As a result, the REc was incorporated into eq-18 instead of [image: image], as illustrated below.
[image: image]
Hence, the final expression became:
[image: image]
2.2 Data source and study variables
To explore the repercussions of foreign direct investment (FDI), renewable energy consumption (REC), innovation in green and sustainable technology (INOGST), and the KOF globalization index (KOFGI) on carbon dioxide emissions (CO2e), we employed a panel data set of seven ASEAN economies over the period 1990–2017. The dataset for the KOF Globalization index derives from the Swiss Federal Institute of Technology (Dreher, 2006), while the statistics for the remaining parameters derive from World Bank and OECD databases. The variables used in this study, their source, and measurement units are listed in Table 1. To continue with the analysis, all of the parameters are modified into logarithmic forms.
TABLE 1 | Comprehensive details of the study parameters.
[image: Table 1]Step-1: Non-linear modeling is adopted for estimation. As the chosen method ignores the problem of cross-sectional dependency.
Step-2: We first transformed the given dataset into a non-linear pattern and later linear modeling is utilized to assess it. In the sight of cross-section dependency, this technique permits the use of many linear-modeling approaches to explore the existence of non-linear and/or cyclical connections. This approach has been endorsed by many recent publications for the robust and reliable assessments of asymmetrical models (Xin et al., 2021) (Ahmad & Zheng, 2021). The cyclic association between INOGST and CO2e was investigated using the same methodology-in the present work.The non-linear ARDL equation to assess the +ve and -ve disruptions in INOGST for the present investigation is carried out as follows:
[image: image]
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2.3 Econometric techniques
Before proceeding with the subjected analysis, we employed variance importance in projection (VIP) score to explore the relevancy of the chosen parameters into the model. While explicitly choosing parameters, the VIP score functions as a reference. When paired with prior literature about the metrics, it can be a useful tool (Ozaki et al., 2021).
2.3.1 Cross-section dependency test and slope homogeneity test
A priori, traditional panel data techniques presuppose the accompanying prerequisites: 1) There is no cross-section unit dependency; 2) The slope coefficients must be homogeneous. As a result, parameter estimates that neglect CSD may produce incorrect intuitions (Okumus et al., 2021). The existence of CSD in the error term is determined from the framework employing (Pesaran, 2004) cross-section LaGrange multipliers and the bias-adjusted LaGrange multipliers test (Pesaran & Yamagata, 2008). The underlying algorithms were used to conduct the CSDTs:
[image: image]
[image: image]
In the above-mentioned equations, [image: image], and [image: image] represents the correlation between cross-sectional identities, average, and variance, individually. Therefore, the null (Ho) and alternative (H1) hypotheses can be formulated as below:
[image: image]
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To examine the slope homogeneity, we proceeded as follows:
[image: image]
[image: image]
Therefore, the null and alternative hypotheses to test the slope homogeneity can be formulated as follows:
[image: image]
[image: image]
After performing the preliminary analysis, the stationarity levels of the selected parameters were examined using a cross-sectionally augmented Dickey-Fuller (CADF) test or CADFT.
2.3.2 Panel unit root test
Though in the existence of cross-sectional influences, the CADFT is frequently recommended over conventional unit root tests for accurate outputs (Isiksal, 2021). To address the challenges inherent with CSD (Pesaran, 2006), suggested a factor modeling paradigm wherein cross-sectional statistics are replaced with undetected common components (Okumus et al., 2021). The accompanying expression was employed to estimate the CADFT:
[image: image]
In the above algorithm, [image: image] represent the average of the total number of observations (N); X symbolizes each variable included in Eq. 20. The analysis was expanded by lags baseline differences for both [image: image] and [image: image] in the prescribed sequence to prevent serial correlation:
[image: image]
(Pesaran, 2007) derives the cross-sectional Im, Pesaran, and Shin (CIPS) estimate by averaging the student’s t-statistics for each cross-sectional identity:
[image: image]
2.3.3 Panel cointegration test
The (Westerlund, 2007) cointegration method was employed to assess the co-integrating interactions among the chosen parameters (INOGST, FDI, KOFGI, REC) and CO2 emissions. This technique takes into account panel CSD, reduces the common factor constraints, and utilizes structural behaviors (Alsamara et al., 2018). The Wester Lund cointegration test (WLCT) entails the computations of the four statistics listed below:
[image: image]
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In the above expressions, [image: image] and [image: image] shows the panel statistics, whereas [image: image] and [image: image] indicates the group average estimates.
2.3.4 Cross-sectional independent augmented autoregressive distributor lag (CS-ARDL) technique
The short- and long-term assessments were carried out using the CS-ARDL technique presented by (Chudik & Pesaran, 2015). This assessment outperforms the AMG, PMG, CCEMG, and MG metrics in terms of robustness and efficiency (Tufail et al., 2021). Endogeneity, unreported common factors, heterogeneous slope parameters, non-stationarity, and CSD are all effectively handled by the CS-ARDL technique (Ding et al., 2021). The CS-ARDL technique is expressed in its most general notion as below:
[image: image]
The following is how the long-run parameters of MG estimations are determined:
[image: image]
[image: image]
The CS(ARDL) algorithm is expressed in EC form as:
[image: image]
In the aforementioned expression, [image: image] represents the mean of lagged cross-sectional data; [image: image] depicts the individual respective assessments of each cross-sectional series, and “i” represent-the EC rate of adjustment.
3 RESULTS AND DISCUSSION
Table 2 demonstrates the descriptive statistics of the study parameters before moving on to the results and discussion. For the selected ASEAN economies, the highest echelons of CO2e (kt), REc (% of total energy consumption), FDI (current US$), KOFGI, and INOGST (total green patents), were found at 4.13, 8.71, 7.33, 6.23, and 37.39, respectively. CO2e, REC, FDI, KOFGI, and INOGST had minimum echelons of 1.62, 1.51, -1.36, 3.86, and 12.01, respectively. Also, CO2e, REc, FDI, KOFGI, and INOGST had average levels of 2.54,1.07,4.78, 5.21, and 3.35, respectively.
TABLE 2 | Descriptive statistics of the chosen variables.
[image: Table 2]Table 3 summarizes the outcomes of the CSD (Eqs. 23, 24) and SHT (Eqs. 25, 26). As evidenced by the statistics of CDLM, and LMadj, the alternative (H1) CSD hypothesis was accepted. Locally and globally economic crises, foreign trade, business phases, regime upheavals, global epidemics, and globalization are all contributing factors to CSD. The CSD outputs validated ASEAN economies’' inter-group reliance, emphasizing that economic crises in one ASEAN economy will influence other ASEAN economies. Furthermore, the SHT findings brought attention to the concern of slope coefficient homogeneity. The CSD and SHT findings enabled the use of second-generation econometric approaches such as the CADFT, WLCT, and CS-ARDL.
TABLE 3 | CSD test results.
[image: Table 3]In Table 4, the CADFT results are demonstrated (Eqs. 27, 28), which depicts that at the first difference, all of the chosen parameters became stationary, inferring that they were all integrated similarly. In Table 5, the WLCT findings demonstrated that all of the probability estimates were statistically significant, indicating a long-term connection between REc, FDI, KOFGI, INOGST, and CO2e in the selected economies (Eqs. 30–33). The CS-ARDL estimator’s results are shown in Table 6. Firstly, the findings revealed positive shocks in INOGST altered CO2e in the ASEAN economies during boom periods, with a 1% rise in INOGST leading to a 0.196 and 0.254% (long-run) drop in CO2e (in short and long-run respectively) which indicates that any economic scenario or legislation that encourage INOGST practices help to reduce carbon emissions. Many socioeconomic parameters such as employment, company revenues, public and private investment, gross domestic production, industrial output, export, and consumer income, grow during the booming timespan. This economic environment motivates governments to enact stringent environmental regulations. Firms frequently allocate resources for cleaner technologies in response to environmental legislation and efforts. As a corollary, new green patents (copyrights) and licenses for INOGST’s industrial use are being produced (Weimin et al., 2022) (Ahmad & Zheng, 2021). Using INOGST consistently in the manufacturing process minimizes carbon emissions during economic growth phases (Xin et al., 2021). In the current setting, even though the ASEAN economies have experienced substantial progress in the world economy, per capita income, and technological innovation. However, due to a variety of factors, especially fast industrialization, economic expansion, and increasing aggregate demands, the state of environmental quality has deteriorated at an unparalleled pace. Governments and corporations have reacted by providing substantial funding for INOGST projects in many fields, including solar and wind generation (Sinha et al., 2022).
TABLE 4 | Summary statistics of CADF test.
[image: Table 4]TABLE 5 | WLCT results.
[image: Table 5]TABLE 6 | CS-ARDL results.
[image: Table 6]Secondly, the aforementioned findings also demonstrated that negative INOGST shocks boosted carbon dioxide emission in ASEAN economies during recessions, with a 1% dip in INOGST leading to a 0.092% (short-run) and 0.208% (long-run) increase in CO2e. Economic indices such as employment, company revenues, economic growth, public and private investment, manufacturing output, exports, and income levels decrease during recessions, according to one plausible theory. As a result, governments ease environmental rules in order to improve production and consumption. Businesses are focusing on lowering industrial costs by implementing filthy technology. During an economic slump, the rate of industrial CO2e grows because there has been no growth and industrial adaptation of INOGST and consequently the utilization of unclean technology endures.
Additionally, the findings also demonstrate that CO2 emissions declined as FDI increased within the ASEAN economies, with a 1% rise in FDI resulting in a 0.012% (short-run) and 0.207% (long-run) decline in CO2e. This statistic supports the pollution halo hypothesis by implying that the adoption of environment-friendly technology from developed regions to ASEAN nations mitigates CO2e. FDI-driven technology spillover impacts can strengthen INOGST, aiding green technology development and CO2e mitigation (Balsalobre-Lorente et al., 2022b). Furthermore, multinational firms that bring in FDI frequently create value chains for service delivery, information exchange, production, procurement, and research and development. This value stream connects local industries on various tiers including upward and backward. Vertical incorporation of technological advancement boosts technological spillover, allowing domestic businesses to replicate and adopt advanced principles like green management and technology (Xu & Li, 2021). Conversely, the conclusion of a previous study for the Belt and Road Initiative states, that Azerbaijan and China are corroborated by this result (A. Khan et al., 2020) (Mukhtarov et al., 2021) (Chen et al., 2022).
Furthermore, the results demonstrated that the adoption of REc affected CO2e in the ASEAN economies, with a 1% increase in REc use lower down carbon emissions by 0.221 and 0.305% in the short- and long-run, individually. These results suggest that sustained usage of REc reduces reliance on fossil fuel consumption, resulting in a reduction in CO2e. Our REc findings corroborated many other investigations in the literature that found a strong negative association between carbon emissions and the adoption of REc around the globe (E. Rehman et al., 2021) (Armeanu et al., 2017) (Ketsetzi & Capraro, 2016).
Finally, the outcomes revealed that an increase in KOFGI increased the rate of CO2e in ASEAN economies, with a 1% rise in KOFGI leading to elevate in CO2e by 0.218 and 0.311% in the short- and long term, individually. The ASEAN economies must actively participate in the globalization process from economic, social, and political perspectives, as the KOF globalization index continues to rise. The recent findings also show that globalization results in greater ecological impact, putting more stress on the ecosystem. This signifies those globalized economies have large environmental footprints. These findings are in line with those of earlier research (Weinzettel et al., 2013) (Shahbaz et al., 2017a). Globalization, it is said, leads to the growth of pollution-intensive companies in developing nations with lax environmental laws. In order to maximize profits from globalization and foreign trade, some developing nations ignored environmental concerns and built polluting industries that were then exported to developed economies.
A sensitivity analysis is performed and the findings are presented in Table 7. To begin, the variance inflation factor (VIF) test revealed the mean VIF value of 1.23 which was found below the acceptable threshold of 2.78 (Gujarati & Porter, 2009). The results confirmed that the chosen variables have weak multicollinearity among them. Next, the Ramsey Reset test was employed to examine if there were any missing variables in the estimated model. In OLS regressions, the absence of relevant parameters is a common source of model specification bias. On emissions of the variables, variation in the response variable may be ascribed to the chosen study variables inaccurately. Increased regressor errors and inaccurate estimations of regressor coefficient levels may result from this setting. As a result, it is critical to double-check the model for missing variables. The computed probability estimates for the ‘t’ and F-statistics, as shown in Table 7, were in favor of the null hypothesis [image: image] of appropriate stipulation, which could not be rejected (at 5%). This suggested that the functional structure was acceptable and that the model had no missing variables. Third, the Breusch-Godfrey serial correlation LaGrange multiplier technique was implemented to determine if the estimated model has a serial correlation problem. The observed R2 and the calculated probability value for the t-statistic showed that the [image: image] with no serial correlation in the proposed model may not be rejected, as shown in Table 7. Moving further, the heteroscedasticity concern in the model was verified using the Breusch-Pagan-Godfrey (BPG) heteroscedasticity approach. The observed R2 and the calculated probability value for the t-statistic both verified that the [image: image] of no heteroscedasticity in the proposed model cannot be ignored. Last, the Jarque-Bera normality test was employed to evaluate if the sample data’s kurtosis and skewness were in line with a normal distribution which determined statistically significant results, indicating that the [image: image] of normality may not be rejected. The robustness analysis revealed that the given data series was normally distributed in general.
TABLE 7 | Summary statistics of sensitivity analysis.
[image: Table 7]4 CONCLUSION AND POLICY RECOMMENDATIONS
This research utilized the WCLT and CS-ARDL approaches to investigate the asymmetrical and periodic influences of INOGST, KOF, REc, and FDI on CO2e from the ASEAN economies transparently and comprehensively. Initially, the WCL test found evidence of the co-integrating connections between the study parameters. Secondarily, the CS(ARDL) described the -ve impacts in INOGST increased CO2e during recessions, while positive impacts in INOGST lowered carbon emissions. Furthermore, the estimates signified that KOFGI and FDI have mitigated effects on CO2e within the ASEAN region.
Based on the aforementioned conclusions, the following policy implications could be inferred.
1 The findings motivate policymakers to focus on considering periodic and asymmetrical fluctuations in INOGST as a key component of new INOGST and economic growth plans. In economic booms, authorities or governments that have implemented and institutionalized specific G≻ R&D initiatives and legislations are likely to reap the most benefits. For a significant national INOGST output, the authorities should promote and broaden the scope of continuous R&D throughout diverse corporate and public sector organizations. Authorities can facilitate businesses and entrepreneurs obtain physical and financial resources for this goal through a variety of channels, including government entities, industrial R&D and incubation centers, commercial labs, educational bodies, and fundamental research bodies. During economic boom phases, R&D sponsorship should indeed be established for initiatives managed by public or private enterprises. Governments can improve INOGST by provoking banking sectors and other non-profit financing agencies to give interest-free financing and funding packages to entrepreneurs and green innovation firms.
2. Secondly, current estimations show that low INOGST during economic recessions contributes to high CO2e levels. This study suggests that governments should take significant actions to increase INOGST during recessions. Due to a lack of infrastructure and sufficient risk assessment methods for INOGST projects, INOGST enterprises strive to allure investment, and capital in newly expanding exchanges. Field specialists, scholars, and administrators should be included in think tanks formed by policymakers to address the design and enforcement of risk assessment paradigms. Commercial banks should also link up with government agencies to help INNOGST-related initiatives and enterprises via low-interest loans.
3. Thirdly, in the energy consumption framework, REc should be prioritized. As REc significantly reduces carbon emissions, the government should make it easier for REc to develop in order to achieve sustainable development. Likewise, the administration should devote more R&D funds to cost reduction to reduce renewable energy generation prices. Grid parity would be facilitated by technological advancements, which would ease the government’s budgetary burdens.
4. Globalization should be embraced by all economies. As there is a strong negative association between globalization and carbon emissions, all ASEAN economies should participate in the globalization process because a high degree of globalization is favorable for carbon emission reduction.
5. Finally, the current findings emphasize the necessity for greener and eco-friendly commercial policies to minimize the adverse environmental impact of trade openness. Organizations that consume carbon-intensive energy fuels in their manufacturing procedures should face rigorous regulations, sanctions, and higher export taxes from the ASEAN region. In the greener commercial policy, governments should also include rewards and incentives for INOGST-focused enterprises and investors.
5 LIMITATIONS AND FUTURE DIRECTIONS
The present research has a few limitations that may pave the way for future studies. Adopting a single equation modeling technique, this research explored the linkage between + ve and -ve disruptions between INOGST and carbon dioxide emissions. A novel insight is expected from a simultaneous equation modeling strategy to evaluate the immediate and causal link between INOGST disruption and CO2e. In addition, the study focused on the association between INOGST disruptions and CO2e in the ASEAN region. Future research can mimic and validate the existing concept in different nations and regions of the world. Third, a linear model was used to investigate the cyclical link between INOGST shocks and environmental pollutants. Non-linear panel techniques could be employed in future studies to validate the current model. Fourth, CO2e has been used as a response variable in this investigation. Future research may address this constraint by including other contaminants (e.g., CO, NO, NO2, and SO2) in order to broaden current knowledge.
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This paper empirically analyzes the effect of the environment on hotel customer satisfaction in Southeast Asian countries, as reflected in reviews on online booking sites. The logistic regression method is applied to extract the estimations. The empirical outcomes reveal that the environment can significantly influence customer satisfaction, which means tourists are likely to maximize their satisfaction by choosing destinations that provide a good environment. In addition, room price, hotel location, and service quality can also increase customer satisfaction. Web-based customer reviews potentially affect the booking decisions of future tourists, who carefully evaluate reviewers’ comments when making decisions about accommodation. Hotel authorities in Southeast Asian countries can improve hotel service by adopting renewable energy resources, which may in turn increase the booking interest. Furthermore, customer feedback is an essential factor, and hotel authorities can improve hotel services by considering reviewers’ comments.
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INTRODUCTION
Various aspects of hotel customer satisfaction have been discussed extensively in the literature (Petroni, 2000; McColl-Kennedy and Schneider, 2000; Sheng and Liu, 2010; Sparks and Browning, 2011; Thirumalai and Sinha, 2011; O. Pappas et al., 2014; Bilgihan and Bujisic, 2015; Zhang et al., 2015; Yi and Nataraajan, 2018). Customer satisfaction is an important factor influencing the hotel industry and booking intentions. Various tangible and intangible factors determine customer satisfaction: for example, service quality, price, location, hotel rating, and the physical environment of the hotel. There is only limited literature available discussing the impact of the environment on tourist satisfaction, however, including Stabler and Goodall (1997); FEMATOUR (2000), Despretz (2001), Bohdanowicz (2003), Robinot and Giannelloni (2010), and Xie et al. (2017). Southeast Asian economies remain a top destination for tourists due to their low cost of living, easy visa policies, and pleasant temperatures, with a large number of tourists visiting during the winter holidays. Therefore, this study investigates the impact of environmental pollution on customer satisfaction in the Southeast Asian tourist industry.
Identifying and understanding the various facets of customer satisfaction is crucial for organizations seeking to fulfill customers’ needs and wants (Yang et al. 2011). According to Oliver (1980), customer satisfaction represents the customer’s pre-purchase expectations and their post-use view of the actual service they receive. Oliver (1997) points out that customer satisfaction is the consumer’s overall emotional response to both tangible and intangible services. Along with other factors determining customer satisfaction, environmental quality remains the main concern for tourists. The physical environment is a tangible element in service delivery, and it is expected that any list of service attributes will contain a large proportion of factors from the physical environment that might affect customers’ evaluations (Berry, 1985; Chang, 2000). Environmental pollution can negatively influence human health, and can lead to health problems and health spending (Ullah et al., 2019a). A healthy environment, both inside and outside of the hotel, is the main concern of customers, and includes the quality of hygiene of the food, the cleanliness of rooms, bathrooms, kitchens, and dining areas, as well as the outdoor pollution (Darko et al., 2015; Alananzeh, 2017). Researchers have found that air quality affects people’s decision-making, and previous studies have shown that people’s moods are affected by environmental factors such as weather conditions and air quality (Deng and Hong, 2019; Hirshleifer and Shumway, 2003; Lepori, 2016; Levy and Yagil, 2011. Online customer satisfaction and booking intentions primarily depend on tangible goods, and a polluted outdoor environment can alter the booking decisions of online customers. A polluted environment can potentially lead to health problems, and therefore online customers will choose destinations with good air quality. The Air Quality Index (AQI) provides reports on daily air quality, describes the levels of air cleanliness and pollution, and indicates the health issues that can be caused by those levels (Levy and Yagil, 2011). Robinot and Giannelloni (2010) report that the natural environment plays a significant role in choice of tourist destination and in booking intentions, especially when it comes to choice of accommodation. Indeed, 73% of German tourists take environmental protection information into account when making booking decisions. Fairweather et al. (2005) state that in New Zealand, 61% of tourists choose hotels with an environmental label, despite the higher price for those hotels. Nevertheless, although the environment is a core factor influencing customers’ online booking intentions, people take other factors into account when making their booking decisions (Iacobucci et al., 1995).
Identifying and understanding the various aspects of customer satisfaction is crucial for organizations seeking to fulfill customers’ needs and wants (Yang et al. 2011). According to Oliver (1980), customer satisfaction represents the customers’ pre-purchase expectations compared to their post-use attitudes about actual performance. Oliver (1997) points out that customer satisfaction is the consumer’s overall emotional response to intangible and tangible services. On the demand-side, a customer’s motivation is the maximization of satisfaction on a trip, while on the supply-side, tourists bring capital inflow, which leads to increased hotel business both at the micro and macro levels. Though the tourism industry is expanding rapidly in many countries, Southeast Asia has seen considerable growth in terms of the number of tourists arriving over the last two decades. It is therefore desirable to examine customer satisfaction among tourists in those countries. The hospitality industry focuses on understanding satisfaction so as to retain customers by offering improved service quality (Dewitt and Brady, 2003; Snellman and Vihtkari, 2003). This strategy results in the quality of hotel services meeting customers’ needs, which in turn maximizes the firm’s profitability (Ro and Wong, 2012). Internet usage in hotel bookings and review platforms can bring about significant improvement in customer satisfaction. Customers evaluate the information provided on the hotel’s website, along with user-generated content, especially online reviews of past customers, which can potentially influence their booking intentions. Online reviews are considered the most essential and important tools for the online hotel customer (Lu et al. 2010; Xie et al. 2011). When making their booking decisions, customers analyze various factors, including the price, the location of the tourist destination generally, the hotel location, its service quality, the environment, and various promotional offers (Chaves et al., 2012). Internet booking offers a variety of information, both to the hotel authorities and customers, which can collectively bring about improvement. Hotels can improve their standards by considering customer reviews online. Several websites post such reviews: TripAdvisor, Expedia, Agoda, and Booking.com, for example, all of which provide a variety of information customers can consider before deciding on their best options (Aksoy and Ozbuk, 2017). Positive reviews from customers related to the hotel location, price, rating, and environmental quality are likely to increase booking numbers, while negative reviews will have the reverse effect (Gretzel and Yoo, 2008).
Most of the previous studies, such as those of Ullah et al. (2019b), Touni et al. (2022), El-Said (2020), and Gao et al. (2022), analyze customer satisfaction in online hotel booking in light of factors such as price, location, hotel rating, perceived value, and brand reputation. However, the environmental factor remains unexplored, and therefore this study analyzes the environmental effect on customer satisfaction in the case of Southeast Asian countries, as reflected on online booking sites. This paper contributes to the literature in the following respects: first, we use the environmental factor in the model; second, we apply the case of Southeast Asian countries, which have become hot destinations for tourism activities over the last two decades. At the same time globalization has had significant impact on the environment of these countries. It is therefore essential to analyze the effect of environmental pollution on customer satisfaction. Third, we use logistic regression, which provides robust analysis and clear policy implications for improving customer satisfaction. The subsequent section explores tourism and the environment in Southeast Asian countries. The third section offers a research methodology, the fourth provides a detailed discussion of the empirical findings, and the final section elaborates on the conclusions.
REVIEW OF LITERATURE
There are different factors determining customer satisfaction when booking a hotel online, including price, rating, location etc. Price is a prominent factor in customer satisfaction and booking decisions (Chiang and Jang, 2007). If the price of a hotel room is higher than customers are willing to pay, they will switch to another hotel; otherwise, the booking decision will be made (Rheem, 2010; Chiang and Jang, 2007). The rental price is normally in line with the various services a hotel offers. For example, a higher price includes access to a variety of services, such as room service, dining, breakfast, etc., and vice versa. Kimes (1989) argues that businesses should sell their products or services to a portfolio of the right customers at a specific time for the right price. Along with proficient service management and a comfortable space, price is highly correlated with levels of hotel customer satisfaction (Lomanno, 2010). During the financial crisis in 2007, the majority of hotels increased the supply of rooms, and offered bookings at minimal price levels to increase booking intentions (Tsaur and Lin, 2004; Nadiri and Hussain, 2005; Serrat, 2011). Most hotels make promotional efforts to increase booking volume by offering price discounts (Kang et al., 2007). These price promotion incentives bring a significant increase in bookings, even in the off session.
Besides the specific features of the services offered by a hotel, e.g., facilities and a variety of services, location is a prominent factor affecting customer satisfaction and booking decisions (Shoval et al., 2011). A hotel with a good location may receive a large number of tourists, for a good location maximizes customer satisfaction in saving people both money and time. In addition, a good location can help customers overcome barriers, by providing a wide range of options for shopping and transiting to other places (Ullah et al., 2019a). By contrast, hotels with bad locations may garner customer dissatisfaction. A prime location is vital for enhancing the market share and profitability of hotels (Chou et al., 2008). That is, the location of the hotel, being significantly associated with customer satisfaction, has significant implications for hotel revenues (Chan and Wong, 2006; Lee et al., 2010; Shoval et al., 2011). There is intense competition in hotel chains, which is why prime location, pricing, and environmental quality are significantly associated with customer satisfaction and hotel revenues.
Electronic word of mouth (eWom) refers to reviews in electronic form, which help rational customers in making booking decisions. These eWom reviews give a rating for the different tangible and non-tangible services offered by hotels, such as “location,” “quality,” “cleanliness,” and “price.” The online customer critically evaluates these reviews against the services offered on the hotel website. Long textual reviews tend to indicate lower customer satisfaction ratings, according to Zhao et al. (2019), while greater variety and divergence among reviews is often accompanied by higher customer satisfaction ratings. It is assumed that without customer reviews there would be significant differences between the services displayed on the hotel website and actual services received from past customers (Assaf and Magnini, 2012). Tourists from all over the world visit different places for different purposes and these online reviews may provide them with worthwhile information before confirming a hotel booking (Banerjee and Chua, 2016).
Online customers rely heavily on customer reviews, and exposing past customer experiences may encourage or discourage forthcoming customers (Casalo et al., 2015). In the relationship between customer sentiments and customer ratings in the online reviews of hotels, emotions expressed textually can be positive, negative, or neutral, and these emotions tend to be reflected in the accompanying numerical scores. Consistency in this regard enhances customer satisfaction (Geetha et al., 2017). A different approach to the hotel and online review is rating several different factors, such as location and service, thereby significantly reducing the amount of time customers need to take to make booking decisions, and hence producing a high number of hotel room reservations (Rianthong et al., 2016). Overall, there is growing confidence in online booking, and research into the impact of reviews reveals that customers are more influenced by negative views than positive ones. However, positive reviews, especially when accompanied by numerical ratings, or ones that focus on the interpersonal sphere, result in high levels of customer trust and increased bookings (Sparks and Browning, 2011). The booking websites not only provide information about hotel services, but a platform for customers to offer feedback on their stay in a specific hotel. Well-known star rated hotels get their stars from former guests. Customer star classifications are used in purchasing decisions by other customers. Most of the studies focus on the attributes of the booking system, such as service quality, usefulness, price, location, customer loyalty, and information, to evaluate factors that have an impact on online booking behaviors (Dickinger and Mazanec, 2008). The hotel’s rating is a motivating factor in booking intentions, for it helps customers minimize the risk associated with the intangible products or services offered by a hotel (Ullah et al., 2019b; Lin et al., 2019). Hotels with a good rating are less likely to reduce the comfort of their customers (Calero-Sanz et al., 2022; Orea-Giner et al., 2022). While a rating is not a universal guarantee of the quality of a hotel, it provides sufficient information to enable customers to form preferences about hotel bookings (Callan and Lefebve, 1997). The hotel receives a high rating due to the different tangible and non-tangible factors, and the rating methods of hotels may vary. However a higher rating promises provision of good services by the hotel, as well as the attainment of a high level of customer satisfaction. In the matter of bookings, most of the previous studies focus on various factors, such as rental rate, location, hotel rating, perceived value, and brand reputation, with less attention given to environmental factors. Therefore this study contributes to the literature by exploring the implications of the environment for customer satisfaction.
TOURISM AND ENVIRONMENT IN SOUTHEAST ASIAN COUNTRIES
There are a number of tourist spots that attract foreigners to Southeast Asian countries, and tourists travel to these destinations in different months of the year. There is an almost continuously increasing trend in tourist arrivals in Southeast Asian countries. Foreign tourists can affect the economy by bringing in capital inflow and boosting local businesses, including the hotel industry. Foreign exchange earnings from tourism are used to purchase productive capital goods, resulting in increased economic growth (Chulaphan and Barahona, 2018). The total contribution of tourism to GDP in Southeast Asian countries was estimated at 329.5 billion USD, which accounted for 12.0% of GDP in 2017, and is forecast to have risen by 13.0% in 2028 (TTIE, 2018). The tourism industry is a brand of FDI inflow that stimulates investment in new infrastructure and generates employment. In 2017, tourism increased employment by 11.8% in Southeast Asian countries, and is expected to reach 13.7% of the total in 2028 (TTIE, 2018). Although there are certain advantages for a country attached to tourism, it also forces that country to incur certain costs for the improvement of infrastructure and community (Stynes, 1997).
Figure 1 depicts tourist arrivals for the last two decades in Southeast Asia. Some countries, like Laos, Indonesia, and Cambodia, had a low or minimal increase in international tourist arrivals; however, Thailand and Malaysia presented a dramatically rising trend, especially from 2014, with Thailand exceeding Malaysia in terms of numbers of tourist arrivals. There are different factors affecting the frequency and number of international tourists, including a good law and order situation, favorable environmental conditions, and the host country’s visa policy, etc. Tourism has increased hotel businesses, especially in East Asian countries. The same have seen a real boost over the last two decades, which has also led to a rise in competition among the hotels available in a given country. It is essential that companies should understand consumers and their decision-making, for this will give them the upper hand and competitive advantage (Baruca and Civre, 2012). There may be several factors affecting the hotel industry and a profitable hotel business. The tourism investment in 2017 was 48.8 billion US dollars, representing 6.4% of total investment in East Asian countries, which is predicted to rise by 5.4% per year over the next 10 years (TTIE, 2018).
[image: Figure 1]FIGURE 1 | Number of arrivals in East Asian countries.
Figure 2 represents the CO2 emissions in Southeast Asian countries, which are taken as a proxy for pollution. The graph shows that Malaysia is on the top of CO2 emitting countries, being comparatively more polluted than the rest of the countries in the region. In addition, Malaysia also achieves the highest economic growth in the region, which implies it is due to higher levels of economic activities that CO2 emissions are occurring so widely in Malaysia. Thailand stands second in the region. While Thailand received a large number of tourists and stands first in tourist arrivals, rapid development and tourist activities have resulted in a high volume of CO2 emissions. Myanmar is at the lowest level of CO2 emissions in the region, since economic growth there is also lower. Indonesia, Laos and Vietnam have average levels of CO2 emissions.
[image: Figure 2]FIGURE 2 | CO2 emissions in Southeast Asian countries.
RESEARCH METHODOLOGY AND DATA
This study adopts the logit modeling approach to the empirical assessment. Though the linear regression model is the most popular method for data analysis, it is incapable of depicting nonlinear data variation. Consistency of data is a major pre-requisite for the OLS method, but is not fulfilled when using categorical or dummy-variable data. For this reason, we applied the “logit method” for an estimation that provides a solution to our data.
Data
The data was collected from the eWom of tourists who visited Southeast Asian countries in different periods, i.e., customers’ comments from different websites during 2018, including agoda.com, booking.com, and ctrip.com. The data on 2018 CO2 emissions were taken from World Bank Development indicators, i.e., an average for each country. The reviewers’ comments provided information about hotel services, rental price, and overall satisfaction, while rating data obtained from these websites was non-categorical. The reviewers’ comments were split into positive and negative reviews and given weights, i.e., two mutually exclusive categories. For the positive reviews we used 1, and for the negative comments, 0. This categorization followed the dummy variable pattern, which can be estimated through logistic regression, since the conventional regression method may not be valid, because the dependent variable is followed by an independent variable that is dichotomous or binary in nature.
Model

[image: image]
where ST shows customer satisfaction; CO2 is the physical environmental, and CO2 emissions are taken as a proxy for this variable; L is the location of the hotel; P is the price of the hotel room; R is the rating of the hotel; S shows the service quality of the hotel; and U shows the error term of the model. β1, β2, β3, β4 β5 show the coefficient of relevant variables; however, β0 indicates the intercept term, which treats information from customers as available.
Research methodology
This study adopts the logit modeling approach to the empirical assessment. Logistic regression is primarily used when the response variable is dichotomous, such as 1 for success and 0 for failure. The key benefit of logistic regression is to eliminate a confounding effect by evaluating association among all variables at the same time (Sperandei, 2013).
In case of a categorical dependent variable, the econometric model can be written as
[image: image]
where [image: image], and the target variable that is [image: image] can take only two possible values: “yes or no,” “pass or fail,” etc. The target variable is assumed to be a Bernoulli random variable with the probability function
[image: image]
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It is assumed that E ([image: image]) = 0, the mean value of the target variable, becomes
[image: image]
The mean of the response variable, [image: image], is the likelihood that the response variable can take the value 1, which is the desirable outcome. Now the issue is that the error term of the logistic model can only take on two values.
[image: image]
Consequently, the error term does not meet the normality assumption. That residuals are heteroscedastic is another issue with the logit model.
[image: image]
This reveals that the variance of the disturbance term depends on the expected value of the response variable. Eventually, there is a restriction on the target function
[image: image]
Under the assumption of linear regression, it is possible that some predicted values of the target variable might lie outside the [0, 1] interval. To interpret such values as probability is not plausible.
If the target variable is dichotomous, it provides evidence that the shape of the target variable is non-linear. In such circumstances, the logistic function is used to describe the relationship between the response variable and the explanatory variables. As a result, it will create an S-shaped curve.
[image: image]
where [image: image] The term [image: image] shows the linear features in the above model. After some manipulation of (4), we get
[image: image]
The parameters ([image: image]) are unknown and must be estimated. The maximum likelihood estimation method is commonly used to estimate these parameters. The probability mass function of each sample is
[image: image]
If all the samples are independent, we use a mathematical equation known as a likelihood function
[image: image]
To linearize the function, first taking the log, we get
[image: image]
The log-likelihood function can be maximized by using an iteratively re-weighted least squares method to estimate the parameters via any software. The linear predictor estimate can be written as
[image: image]
The estimated value of the logit function is
[image: image]
RESULTS AND DISCUSSION
This section provides details of the estimation using the model. We used E-view 9 software for the data analysis, which comprises an estimation of the primary model and its relevant diagnostic test. Table 1 contains the logit model estimation.
TABLE 1 | Logistic regression estimations.
[image: Table 1]Table 1 shows the estimation for logistic regression based on the likelihood function. CO2 emissions are negatively associated with customer satisfaction, which indicates that customers are less likely to be satisfied with increases in CO2 emission. This shows that environmental pollution is a significant factor that negatively affects customer satisfaction, due to the serious impact of CO2 emissions on human health. The location has a significant positive association with customer satisfaction, which implies that customers are more likely to be satisfied if the hotel is in a good location. Price and satisfaction have a positive and significant relationship with customer satisfaction, and the customer is more likely to be satisfied if the price is reasonable. The rating appears positive, but an insignificant sign implies that rating does not have a substantial role in customer satisfaction. Service quality, however, holds a positive and significant coefficient, which means that customers who stay in hotels that provide quality services are more likely to be satisfied than those who do not receive good service. The R2 is 0.92, which shows that a 92% variation in customer satisfaction comes from the included explanatory variables in the model, while the remaining 8% percent variation comes from the outside of the model, which is covered by the error term. The LR statistics show the overall significance of the model, since its value is 2730.699, and its probability is less than the 0.05; showing that the model is correctly specified. Another method is Wald statistics, and we can verify this through the Wald test, as illustrated in subsequent tables.
Table 2 presents Wald test results. The Wald test imposes several restrictions on the explanatory variables, in order to evaluate the joint effect of those variables on the dependent variable. The results show t-value 21.47 and F-value 461.05, with their probabilities less than 0.05, which tends to reject the null hypothesis, and hence all the independent variables jointly determine customer satisfaction, or, in other words, the model is correctly specified.
TABLE 2 | Wald test.
[image: Table 2]Table 3 presents gradients test results. The gradients were assessed to estimate convergence problems in the analysis, with estimates made by taking the first derivatives of likelihood. The results of this technique show that there were no convergence problems in the analysis, since all variables were positive if considered first-order derivatives.
TABLE 3 | Gradients of the objective function.
[image: Table 3]Table 4 shows Andrews and Hosmer-Lemeshow tests results. This goodness of fit measures if the model is suitable for the data or not, and one might reject the model if it is not suitable. The two main techniques used for the goodness of fit are Hosmer et al. (1997) and Andrews (1988a) and Andrews (1988b). Both of these methods are based on an estimation of the chi-square, for the chi-square will show if the model is a good fit. The empirical estimations indicate that chi-square 10th interaction is less than 0.05, which suggests that the model has good fitness. The gap between the actual and expected value at dep 0 and dep -1 is not higher, which implies that the model has a good fit, and this also supports the chi-square statistics.
TABLE 4 | Goodness-of-fit evaluation for binary specification.
[image: Table 4]Table 5 shows the measure of the predictions based on the binary specification. The estimation is tested for both lower (0) and upper (1) value, and shows its relevant mean and standard deviations. The results show that the probability value of the lower value (0) provides more accurate information and predictions, as it shows 100 percent accuracy, while prediction based on the upper value shows 95.77, which also provides accurate results. Thus, the model has correctly predicted customer satisfaction on either 0 or 1 despite the negligible variations.
TABLE 5 | Expectation-prediction evaluation for binary specification.
[image: Table 5]CONCLUSION
This study empirically analyzed the effect of the environment on customer satisfaction, as reflected in reviews on online hotel booking sites for Southeast Asia. The study used customer satisfaction as a dependent variable, with CO2 emissions taken as proxy for environmental pollution. Hotel ratings, rental prices, location, and service quality were the control independent variables. The study employed a logit model for the data analysis, as this technique is the best model for categorical data. The data was gathered from different websites containing customer comments about different hotels from 3,000 reviewers. We applied logistic regression for the empirical analysis. The empirical results show that CO2 emissions are negatively associated with customer satisfaction, and higher CO2 emissions result in dissatisfied tourists. Since CO2 emissions have adverse implications for human health, this health concern is the main element in customer satisfaction. Location and services positively affect customer satisfaction. Ratings do not make a significant contribution to customer satisfaction. The empirical results are based on e-WOM, which suggests that e-WOM has a strong influence on travel booking intentions. Various tangible items, including the physical environmental and service quality of the hotel, as well as the price charged for services, are important in booking decisions. Based on the empirical findings, this study offers some policy recommendations for stakeholders. Firstly, Southeast Asian countries should adopt renewable energy resources in order to control CO2 emissions. This environmental initiative will increase tourist inflow in these countries. Secondly, since price and services positively affect customer satisfaction, hotel authorities may increase booking intentionality by introducing discounted promotions on different occasions. Thirdly, hotel authorities need to establish mechanisms to collect customer feedback and suggestions in ways that will improve those hotel services in ways that delight customers. This study has some limitations, as we selected CO2 emissions as the sole environmental quality indicator, but this could be extended by adding multiple environmental factors impacting on customer satisfaction in the hotel industry.
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This research aims to identify the periodical impact of industrial development, renewable energy, economic growth, and gross capital formation on environmental deterioration in BRICS countries. The analytical procedure is based on the annual data from 1995 to 2020. The selected econometric methods which are used to determine the relationship among exogenous and endogenous variables are panel unit-root tests for stationarity check, Johansen co-integration test for co-integration relationship, and FMOLS and quantile regression for long-run relationship. The empirical research findings confirm a significant positive association of environmental deterioration with industrial development, GDP, and GCF, while a significant negative relationship was observed between CO2 emission and renewable energy. The BRICS group of countries should be more focused on environmentally friendly technological development as they are concerned with economic growth. Renewable energy resources positively impact the environmental quality, so backward resources should be replaced with renewable energy resources to attain double impacts, that is, the reduction of CO2 emission with the reduction of oldfangled resources and increase in the environmental quality with the aggrandizement of renewable energy resources. Based on key findings and implications of the sectorial and whole economic growth of BRICS countries, this research suggests some policy implications for reducing toxic CO2 emissions and enhancing the quality of the environment.
Keywords: BRICS, environmental deterioration, industrial development, renewable energy, economic growth, gross capital formation, FMOLS, quantile regression
1 INTRODUCTION
Global temperature rise (relative to pre-industrial levels) is anticipated to exceed the 2015 Paris Agreement’s 1.5°C targets by 2,100. To successfully bend the temperature curve toward 1.5°C, the Intergovernmental Panel on Climate Change (IPCC) estimates that global emissions must be cut in half over the next decade, with net-zero emissions reached by the middle of the century. Global warming of approximately 2.7°C over pre-industrial levels is projected due to current policy regimes being implemented around the world. Global warming will be limited to 2.4°C by nationally determined contributions (NDCs). The Climate Action Tracker (CAT), an impartial analysis tool, evaluates a country’s performance in terms of current policies, pledges, and ambitions to reduce global warming to 1.5°C (Naseem et al., 2021a; Jamil et al., 2021). It gives countries direction on whether they need to do more in climate action by revealing the existence and extent of departure from the planned global warming goal. On the other hand, the CAT examines projected performance based on multiple assumptions, leaving the potential for ambiguity in such assessments. Various governments’ pledges and ambitions, such as the NDCs and long-term net-zero aims, are projected to keep warming to 2.1°C. Global warming is expected to reduce to 1.8°C under the optimistic scenario that 140 countries have already committed to net-zero targets and those contemplating it keep their promises. However, the considerable gap between what governments offer (securities and targets) and what they achieve is concerning (Naseem et al., 2021b; Mohsin et al., 2022a; Sarfraz et al., 2022). This disparity—governments failing to deliver on declared commitments and targets—raises doubts about the optimistic projections’ reality. The existing literature on environmental sustainability from a global perspective is presented in Table 1 with minor research details. Table 1 has also enlightened the uniqueness of this research work.
TABLE 1 | Panel studies on environments with different econometric methods.
[image: Table 1]The selection of BRICS countries for this research can be understood as the BRICS countries—Brazil, Russia, India, China, and South Africa—with a combined population of 3.2 billion people loom prominently in any discussion about the world’s chances of avoiding climate disaster. They are not the world’s poorest economies, but their per capita GDP is just 20% of the European Union’s and only 13% of that of the G7 (Jamil et al., 2021). These five countries are responsible for more than half of the G20’s overall emissions (Ahmad & Zheng, 2021; Nathaniel et al., 2021). Modernization raises the demand for energy services, leading to a rise in greenhouse gas (GHG) emissions if all other factors remain constant. But not everything is equal: BRICS emissions are roughly four times higher per dollar of GDP than the EU and G7 economies, highlighting the strategic linkages between economic development, energy productivity, and decarbonization. The BRICS Earth Index for 2019 is −95%, meaning that their emissions increased by nearly the same amount they needed to decrease to meet their long-term net-zero goals. China and India account for 82% of all BRICS emissions (Ullah & Nasim, 2021; Wang, 2021). Both countries saw rises across the board in 2019 and do not expect their emissions to decline until 2030. The BRICS countries have emphasized the importance of cooperation in adopting the UN Convention on Biological Diversity’s post-2020 Global Biodiversity Framework. They have regularly used their G20 position to nudge the bloc to consider deep-rooted reforms on climate change, energy efficiency, environmental assessment benchmarking, and energy security. Since the group’s formation, the BRICS summits have made various forward-looking commitments on climate change. The BRICS reaffirmed their cooperation in the fight against climate change at the seventh iteration of the BRICS Environment Ministerial in August 2021, held ahead of the 15th meeting of the Conference of the Parties (COP) to the Convention on Biological Diversity in October and the Glasgow Climate Change Conference (COP26) in November (Chien et al., 2021; Liu et al., 2021).
The primary causes for a drop in greenhouse gas emissions in Brazil in 2019 were emission reductions in the electricity and building sectors. However, they were still less than half of what would have been required to meet their 2030 objective. Furthermore, because it excludes the impact of deforestation, the Earth Index understates the “say-do” divide in Brazil. Unsustainable logging of the rainforest added 9.5% to Brazil’s net emissions in 2020, more than five times the reductions made in all other industries in 2019. Russia’s economy was one of the most GHG-intensive economies in the G20 in 2019, owing to the country’s high reliance on oil and gas, low energy efficiency, and antiquated technology and infrastructure (Chishti et al., 2021; Zhao et al., 2021). In 2019, emission reductions were four times lower than their mediocre aim. Today, Russia appears bound for a profound and lengthy economic collapse, with uncertain implications for its climate change response, given the harsh sanctions it faces as a result of its invasion of Ukraine. India has the lowest per capita GDP of the G20, a population of 1.4 billion people, an 80% fossil fuel-dependent power sector, and the lowest industrial and agricultural energy productivity of the G20 (Chishti et al., 2021; Zhao et al., 2021). On the other hand, increased carbon-free electricity supply and greater energy efficiency, notably in the development and use of new biofuels, offer unrivalled opportunities for decarbonization. India’s recent economic stimulus investment focuses on solar photovoltaic and battery development. However, continuous investment in old and new coal-fired power plants is hampered. Renewable energy and vehicle electrification are expanding quicker in China than any place in the world, but coal-fired power is growing faster than anywhere else. Even when measured against China’s long-term goal of net-zero emissions by 2060, the real consequence was a massive 434-megatonne rise in GHG emissions in 2019, earning an Earth Index of −133%.
Chinese clean-tech may be assisting other nations in decarbonization (especially since it ceased granting financing to develop coal power plants abroad last year). Still, it is locking in emissions growth until 2030 or later by building additional coal-fired power plants at home. South Africa, a latecomer to BRICS and the group’s weakest economy, saw its emissions rise in every sector in 2019, earning the country a −62% Earth Index. South Africa is a coal-dependent country, with the electricity industry accounting for 41% of the country’s greenhouse gas emissions in 2019 (Ganda, 2021; Li et al., 2021). South Africa has abundant renewable energy resources, including one of the world’s most extraordinary solar regimes. The Renewable Energy Independent Power Producer Procurement Program, which started slowly, with only 5.5 megawatts of solar photovoltaic energy by 2020, is currently rapidly expanding, with a target of 8,400 megawatts of solar generation by 2030, enough to power 1.5 million households. The cost of climate change is rapidly increasing for BRICS, for all countries (Chien et al., 2021; Liu et al., 2021). They are more vulnerable and unprepared to deal with the storms, floods, and droughts accompanying global warming. The most cost-effective decarbonization options are concentrated in the BRICS countries and other developing economies, underlining the importance of boosting investment flows to these rising economies.
This research’s uniqueness and glistening greenness can be elaborated as novel, employing an approach to actual knowledge in environmental-economic development. The leading focus of this research is to check the influence of industrial development, economic growth, and renewable energy on environmental deterioration, and the BRICS group of countries are perfect for this research because most of them are industry-based economies. The maximum possible data range from 1995 to 2020 is approached to widen the study and comprehensively explore the periodical relationship among variables. FMOLS and quantile regression are employed to check the nature relationship and behavior of variables toward each other. In this age of digitalization, economic growth and energy use are compulsory parts of each other. In contrast, oldfangled energy resources are not environmentally friendly as per the existing research work on renewable energy as environmentally friendly energy resources motivate to consider a variable to check its impact on BRICS environmental quality. The environmental damages are elaborated as CO2 emissions, which embody environmental excellence and ease to calculate for environmentalists.
2 DATA DESCRIPTION AND ECONOMETRIC METHODOLOGY
2.1 Data description
This research is based on the annual data series of BRICS countries from 1995 to 2020, extracted from the World Development Indicator (WDI) and the Our World Data (OWD). In this research, environmental deterioration is a dependent variable which is presented as CO2 emission with four independent variables, that is, industrial development (IND), renewable energy (RE), economic growth (GDP), and gross capital formation (GCF). The minor details of variables are presented in Table 2, and the abbreviation columns cover the abbreviation of the primary model of this research.
TABLE 2 | Data description.
[image: Table 2]2.2 Econometric methodology
This research will analyze the relationship between environmental deterioration, industrial sector, renewable energy, gross domestic product, and gross capital formation of BRICS countries. The primary model of running research is presented as follows:
[image: image]
The primary research model is presented in Eq. 1 with dependent and independent variable declaration. Environmental deterioration (CO2 emission) is considered a dependent variable that will indicate the BRICS countries’ environmental damages, whereas industries, renewable energy, GDP, and GCF are independent variables. The last acronym [image: image] represents an error term with a mean of zero but the different variances of normally distributed random variables. This research used different econometric methods to determine the relationship between dependent and independent variables regarding time (Mohsin et al., 2022b). The analysis process will start from panel unit-root tests (PURTs) and then move toward Johansen co-integration, fully modified ordinary least square (FMOLS), and quantile regression (QR), respectively (see Figure 1).
[image: Figure 1]FIGURE 1 | Analytical procession of research.
2.2.1 Unit-root test
The unit-root tests are employed to check the stationarity in a time series. The stationarity of the time series is confirmed if the time period shifting does not cause a change in the data distribution shape, while the existence of the unit root indicates the non-stationarity of the time series. The unit-root presence in the time series makes the systematic pattern unpredictable which disturbs the accuracy of the results by generating spurious regression (high R2 value) and errant behavior (T-ratio does not follow the t-distribution). Some renowned econometric methods check the unit root at the level and first difference to normalize the data series for other analytical processes (Choi, 2001). The basic fundamental equation of the unit-root test is as follows:
[image: image]
In Eq. 2, [image: image] is representative of the time series, and the stationarity or non-stationarity of [image: image] is based on the value of [image: image]. If [image: image], the series [image: image] is non-stationary and the variance of [image: image] is going to increase with the passage of time and approaches infinity (Maddala & Wu, 1999). If [image: image], the series [image: image] is stationary because of its null hypothesis [image: image] against the alternative hypothesis [image: image] In this research, we applied four panel unit-root tests, that is, the augmented Dickey–Fuller (ADF) test, the Phillips–Perron (PP) test, the Levin–Lin–Chu (LLC), and the Im–Pesaran–Shin (IPS) tests.
The augmented Dickey–Fuller (ADF) test is based on linear regression, which is applicable to serial correlation. The ADF deals with more extensive and complex models. The standard equation of the ADF test is generated by using a basic equation after subtraction of [image: image] from both sides.
[image: image]
Eq. 3 is designed with the inclusion of two new signs in Eq. 2, that is, [image: image]. The sigma is used for changes in [image: image] with respect to [image: image] time, while [image: image] The conventional t-ratio of [image: image] is evaluated by using the equational expression; [image: image]. In this equational expression, [image: image] is an estimator of [image: image], and [image: image] is the coefficient standard error (Cheung & Lai, 1995).
The Phillips–Perron (PP) test is a modified form of the Dickey–Fuller test, which overcomes the errors’ issues of autocorrelation and heteroskedasticity. 
[image: image]
In Eq. 4, [image: image] is the t-ratio of [image: image], and the coefficient standard error is [image: image], while the standard error of the test regression is presented by [image: image]. The consistent estimate of error variance is presented as [image: image], and [image: image] is the estimate of the residual spectrum at zero frequency. The main similarity between the ADF and PP is the asymptotic distribution of the t-ratio (Perron & Ng, 1996).
The Levin–Lin–Chu (LLC) test estimates of [image: image] from the proxies for [image: image] and [image: image] assure the accuracy of results with the existence of autocorrelation and deterministic components. The regressing combination with two additional sets of equations [image: image] and [image: image] on leg terms [image: image]. The first set of auxiliary estimates to remove autocorrelation and deterministic components is given as follows in Eq. 5:
[image: image]
The second set of coefficients with an analogy of [image: image] is defined in Eq. 6:
[image: image]
Proxies are attained by standardizing [image: image] and [image: image], dividing by the regression standard error in Eq. 7:
[image: image]
The standard error estimates by [image: image] and the LLC method require lag number specification in each section (Levin et al., 2002).
The Im–Pesaran–Shin (IPS) test determines individual unit root processes with varying values of [image: image] across cross sections. The individual unit root is combined to obtain panel-specific results in the IPS test (Shin & Lee, 2008). The equational form of the IPS test is presented in Eq. 8:
[image: image]
Hypothetical approaches to the IPS test are
[image: image]
The ith value is reordered if necessary for the interpretation of non-zero fraction of the individual processes’ stationarity (Shin & Lee, 2008).
2.2.2 Johansen Fisher panel co-integration method
The Johansen Fisher panel co-integration method assures the accuracy of the co-integration relationship of more than three or more time series by approaching the maximum likelihood estimation (MLE). The Johansen co-integration method is divided into two parts, that is, trace and maximum eigenvalue. The first part trace is from linear algebra while the second part maximum eigenvalue approaches a special scalar (Wallace & Warner, 1993). A special scalar means when the matric is multiplied with a vector and the same vector is obtained as an output, along with a new scalar, the scalar is known as an eigenvalue. Both parts of it determine the presence of co-integration. On the basis of the vector auto-regression (VAR), the equational structure of Johansen co-integration is as follows:
[image: image]
In Eq. 9, [image: image] is a [image: image] of non-stationary I (1) variables, [image: image] is a [image: image] of deterministic variables, and vector innovation is [image: image] (Peláez, 1995). Now, Eq. 8 is re-written as follows:
[image: image]
In Eq. 10, the coefficient matrix is represented by [image: image] from unrestricted VAR and determines whether we reject the restriction imposed by [image: image] or not.
2.2.3 Fully modified ordinary least square (FMOLS)
The FMOLS is a semi-parametric correction approach that eliminates long-run correlation problems between stochastic regressor innovation and the co-integration equation. FMOLS estimation is an unbiased and efficient mixture of asymptotic series (Phillips & Hansen, 1990). The preliminary estimation of symmetric and one-sided long-run covariance matrices of the residuals is determined by the FMOLS. The FMOLS estimation equation is given as follows:
[image: image]
[image: image]
In Eq. 11, [image: image], [image: image] and [image: image] are long run covariance estimator terms, [image: image] is a degree of freedom correction term, and [image: image] is the residual term (Merlin & Chen, 2021).
2.2.4 Quantile regression
The quantile regression is used to check the conditional median and other quantiles. The QR is an extended form of linear regression because it is robust against outliers of data which overcome the demerits of linear regression (Ferrando et al., 2017). The QR is more reliable due to its conditional quantile function which determines conditional central tendency and statistical dispersion (Gyamfi et al., 2022). The heterogeneous effect does not disturb the results while running the quantile regression (Fitzenberger et al., 2022). The equation of quantile regression is given as follows:
[image: image]
In Eq. 12, the dependent variables are presented as [image: image] and independent variables as [image: image], and the sign of [image: image] represents coefficients. The minimization equation of the quantile regression is as follows:
[image: image]
Eq. 13 is designed to measure the reduction in median absolute deviation by regular quantization. By following the fundamental structure of the quantile regression, the equation of this research is designed as shown in Eq. 14.
[image: image]
In Eq. 14, CO2 emission is representative of the environmental condition of the BRICS countries, coefficients indicated by [image: image], and quantile regression by [image: image]. The output range of [image: image] is in between 0 and 0.9.
3 EMPIRICAL RESULTS
The analytical process starts with the panel unit-root tests (PURTs), which are fundamentally used to check the stationarity and normal distribution of data series. The results of four selected unit-root tests are presented in Table 3. In Table 3, the selected tests are abbreviated as the augmented Dickey–Fuller (ADF), the Phillips–Perron (PP), the Levin–Lin–Chu (LLC), and the Im–Pesaran–Shin (IPS) tests. At the same time, integration levels are also presented as level I (0) and the first difference I (1). The selected variables under PURTs are significant at first difference with 1, 5 and 10% confidence levels. The significance of all variables at first difference allowed moving the following process of the Johansen co-integration test.
TABLE 3 | Unit-root test.
[image: Table 3]The results of the co-integration test are presented in Table 4. The Johansen co-integration test reported two types of results, that is, first trace statistics and second maximum eigenvalue [image: image] statistics. The coefficients of the trace test, maximum eigenvalue test with their probabilities. The co-integration relation is confirmed with the significance of both tests at a 1% level (Yikun et al., 2021). In Table 4, in the first column, four co-integration equations are presented. Three co-integration equations of the trace test and two of the maximum eigenvalue are significant. Both tests’ first two co-integration equations are significant at a 1% level, and the third co-integration equation of the trace test is significant at a 5% level. The significance of co-integration equations confirms the presence of co-integration.
TABLE 4 | Johansen Fisher panel cointegration test.
[image: Table 4]In Table 5, the results of the fully modified ordinary least square (FMOLS) are presented, indicating the panel’s long-run elasticity. The FMOLS is the most accurate and acceptable method to check the long-run relationship among variables with the existence of simultaneity biases, serial correlation, and non-exogeneity. All selected variables are significant at a 1% level with positive and negative signs. Industrial development (IND), economic development (GDP), and gross capital formation (GCF) are positively significant, while renewable energy (RE) is negatively significant (Naseem et al., 2021b). The coefficient values of variables are industrial development (9.00E-02), renewable energy (−2.68E-03), economic development (6.41E-05), and gross capital formation (8.01E-13), which indicates the contribution of variables to CO2 emission. The standard errors and t-statistics are also presented for comprehensive result coverage. Industrial development, economic growth, and gross capital formation positively increase CO2 emission, and renewable energy negatively contributes to CO2 emission (Asongu et al., 2019; Li et al., 2021). The negative contribution of renewable energy to CO2 emission confirms the advantages of renewable energy as it is inexhaustible, environmentally friendly, reliable, and is resilient in nature. The positive contribution of industrial development, economic growth, and gross capital formation toward CO2 emission is genuine. Industrial development becomes the reason for different toxic emissions, including CO2 emission, a more proficient element of environmental deterioration. The economic growth of BRICS countries negatively contributes to environmental destruction because of compromising on the environment and focusing on the economic development of these countries (Temiz Dinç & Akdoğan, 2019; Sasmaz et al., 2020). The gross capital formation is close to GDP, both reacting the same toward environmental deterioration. The results of the FMOLS are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Results of fully modified FMOLS.
TABLE 5 | Estimated fully modified ordinary least square (FMOLS).
[image: Table 5]Table 6 presents the quantile regression results by considering CO2 emission dependence and the rest of the four variables, that is, independent variables. Renewable energy is negatively significant from the 1st to 9th quantile at 1% except for the 9th quantile because the 9th quantile is significant at a 5% significance level. The negative sign of renewable energy confirmed the negative relationship between renewable energy and CO2 emission (Asongu et al., 2019; Li et al., 2021). Industrial development, GDP, and GCF show a sign of positivity with their coefficients. The 7th and 9th quantiles of industrial development are significant at 5%, while the 9th quantile of GDP is significant at 10%. The 9th quantile of GCF is positively insignificant. As per the FMOLS results, renewable energy contributes to environmental deterioration while industrial development, GDP, and GCF contribute positively (Yikun et al., 2021). The quantile regression results also confirmed the exact behavior of variables toward the environment. The results of quantile regression are also presented in graphical form in Figure 3.
TABLE 6 | Quantile regression with dependent variable CO2 emission.
[image: Table 6][image: Figure 3]FIGURE 3 | Results of the quantile regression process.
4 DISCUSSION
This is a long-running and nuanced discussion, but one significant point is that economic development should improve human well-being and quality of life not maximize GDP. Human well-being is determined by “human capital” (e.g., health and knowledge), “social capital” (e.g., family, friends, and social networks), and “natural capital” (i.e., ecosystems and the benefits they provide)—none of which are necessarily connected with GDP. GDP is only a measure of that means, and sectorial development is merely a means to that objective. GDP reflects the expenses of economic activity rather than the rewards with its positive association with CO2 emission. Increased industrial material consumption will certainly lower environmental quality beyond a certain point. Attempts to quantify these contributions using alternative measures of economic success often conclude that despite rises in GDP, environmental quality is not improving or even dropping in rich countries. As a result, rising per capita income in developing countries is expected to promote well-being but not environmental sustainability. Industrial consumption entails moving to goods or services with a lower environmental impact, which is related and complementary. Purchasing “greener items,” increasing spending on “services” rather than produced things, or joining arrangements like energy service contracting and car-sharing schemes are possibilities. Although data to back such assertions are typically inadequate, these practices are regularly claimed to have environmental benefits. A shift away from an unsustainable environment can be achieved by increasing green industrial development and green gross capital formation, particularly if it involves better service standards, significant transportation, or the construction of resource-intensive infrastructure such as telecommunications networks.
A shift to an industrial-oriented economy could increase carbon emissions (while increasing the carbon intensity of GDP) because of the production’s heavy reliance on manufactured goods and commodities. Despite this, most BRICS countries pay little attention to such risks and provide limited tools for minimizing the adverse effects. The preceding reasons point to a tension between reducing energy usage and carbon emissions in absolute terms while maintaining economic growth and enhancing the use of renewable energy. Green industrial consumption and production can lower the environmental impacts connected with each commodity or service and is the preferable option for achieving sustainability. However, the success of this strategy will be determined by the size of any related rebound effects. Industrial consumption habits are also shaped by factors such as the pursuit of status through the acquisition of symbolic “positional goods” (which creates a never-ending zero-carbon emission). An effective strategy will lower costs by reducing the demand for typical energy and other resources while also stimulating the increasing demand for renewable energy. A collective agreement between BRICS countries on ambitious, binding, and ever more restrictive targets will be required to address environmental problems like climate change at national and international levels.
5 CONCLUSION
Rapid industrial development and economic growth in BRICS countries have increased environmental challenges. Continuous economic growth necessitates increased energy use, primarily from fossil fuels, and thus increases greenhouse gas (GHG) emissions. Despite accounting for a substantial fraction of worldwide GHG emissions, carbon dioxide (CO2) emissions may not be sufficient to duplicate and investigate the complete environmental damage. This research has addressed environmental deterioration and its leading damaging factors, that is, industrial development, renewable energy, economic growth, and gross capital formation, by using the panel unit-root tests, Johansen co-integration test, FMOLS, and quantile regression. The group of BRICS countries comprises Brazil, Russia, India, China, and South Africa. The empirical finding confirmed the long-run relationship among the variables. Industrial development, GDP, and GCF positively contributed to CO2 emission, while renewable energy negatively contributes to toxic CO2 emission. The BRICS group of countries has industry-based economies which directly damage the environment and contribute to global environmental deterioration. Renewable energy comprises environmentally friendly resources that negatively contribute to toxic emissions of greenhouse gases and enhance the quality of environment-economic development.
5.1 Practical implications and future direction
The BRICS group of countries is considered a rapidly growing economy globally. They are keenly concerned about their economic growth if they include environmental sustainability in the priority list of economic growth, so they will be able to avoid the after-effects of environmental damages. According to economists and environmentalists, the medium growth of an economy with environmental sustainability is more effective and efficient than the high growth rate of an economy with environmental damage. This research considered BRICS countries with FMOLS and quantile regression. This research can be extended by comparing BRICS, G-7, and G-20 countries with the second generation of econometric methodologies in the future. Environmental damage costs the survival of human beings. Once environmental resources are destroyed, artificial resources that are not alternative to the original are generated. Artificial environmental resources are not cost-effective compared to working on the savage of original resources. Environmental sustainability has become a global concern today, and BRICS countries should also focus on it as an individual and a whole group. The government of BRICS countries should encourage environmentalists and policymakers to arrange workshops, seminars, and conferences for people’s awareness of environmental sustainability. The energy sectors should replace the toxic emitted energy resources with renewable, environmentally friendly energy resources.
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With the endless constraints brought about by limited resources and increased pollution, practices that aim for sustainable and innovative development is often seen as the thing of the future. Despite this collective shift towards sustainability, the relationship between regional innovation and environmental protection still vastly differs between different geographic units. This paper takes the Jiangsu province, a pioneering economic zone in East China, as a study object, and uses its thirteen cities’ panel data from 2006 to 2020 to check human capital input, foreign direct investment, research and development fund input, environmental pollution, and other independent variables that influence its innovation output. The study finds a strong positive relationship between R&D investment of enterprises, human capital input, local loans scaled for technical innovation, environmental regulation and innovative output. while the same is untrue between research and development fund input from government and innovative output. There are also negative contribution from the openness of cities and foreign direct investment, which indicates that presently more innovative achievements in Jiangsu come from independent research and development rather than relying on technology spillovers from foreign direct investments. Finally, future policies about enhancing the research and development input scale, encouraging local human capital, executing more fiscal and direct capital supporting tools, and upholding liberal trade policies as high-quality international export-oriented economy are suggested.
Keywords: innovative performance, environmental regulation, foreign direct investment, panel data, Jiangsu Province
1 INTRODUCTION
Reports from the 19th CPC National Congress point out that China’s economy has shifted from a stage of high-speed growth to one that adheres to the philosophies of high-quality development, which is the most important assertion for China’s current economic development. This, in turn, has propelled China to become the world’s second largest economy. On one hand, the development strategy of prioritizing heavy industry has promoted China to rapid economic growth. On the other hand, this development has brought about increasingly serious environmental problems.
With the rapid development of China’s economy especially in the industrial sector, it was confronted with the unprecedented pressure of energy consumption and environmental protection. According to the 2020 Bulletin on China’s Ecological Environment, 135 of 337 cities at and above the prefecture level exceeded excessive air quality, which accounted for 40.1 percent of the total number of cities. It has become a common social prerogative to strengthen environmental governance, reduce environmental pollution, and build a beautiful China with its natural patrimony intact. It is natural that the Chinese economy should steer towards green sustainable development (Khan et al., 2021; Abbass et al., 2022; Ma et al., 2022). It is worth noting that “peak carbon dioxide emissions” and “carbon neutrality” have been popular terms in the Chinese Communist Party’s annual government work report, frequently emphasized by social media in these recent years (Wan et al., 2021; Wu, 2022; Zeraibi et al., 2022).
Other previous studies on the dynamics between ecology and society focused on the tradeoff of industrial development and environmental protection by implying the private costs and social benefits of industrialization (Shao et al., 2020; Jiang et al., 2021). As for the definition of environmental regulation, according to the public interest theory, in order to solve the market failure caused by pollution, the government needs to meet public needs through environmental regulation. From the experience of various countries, the common policies of environmental regulation mainly include: prohibition, concession; price rate and quantity limit; product, technical production and performance standards limitation; subsidies; information provision; property right and right definition (Chen, 2016). Points about the relationship between environmental regulation and technological innovation can be divided into three main categories: Firstly, the traditional view that environmental regulation will raise the total cost of dealing with the waste discharging by forcing firms to increase financial investment on environmental governance, thus leading to insufficient input in research and development ultimately lowering the international market competitiveness (Kneller and Manderson, 2012). The second category is the optimistic idea initiated by Esty and Porter (2005) where they point out that because of the faulty static view of environmental regulation, ‘innovation offset’ will bring competitive advantages for those firms who innovate continually and will create absolute advantages for innovative firms over their overseas competitors (Porter and Van der Linde, 1995). The last category holds that environmental regulation will, to some extent, improve the allocation of economic resources through what’s called the “offset effect”.
The relationship between environmental and technological innovation is non-linear and the mediators are multiple. Whether there is, ultimately, technological progress depends on the environmental regulation intensity, type, firm property structure, time, and geographic attributes (Jaffe, 1993; Brunnermeier and Cohen, 2003; Jahanger et al., 2022). The relationship of innovation with stricter environmental regulation in industries has been an unavoidable theoretical and practical problem, which to this day remains largely unexplored.
Among the Chinese thirty-four administrative areas, Jiangsu province is one of the fastest-developed and pioneering region. Geographically, Jiangsu province is divided into three parts: Southern, Middle, and Northern Jiangsu. Southern Jiangsu includes the five cities of Nanking, Suzhou, Wuxi, Changzhou, and Zhenjiang. Middle Jiangsu meanwhile includes the cities of Yangzhou, Taizhou, and Nantong. Lastly, Northern Jiangsu includes the five cities of Xuzhou, Huaian, Yancheng, Lianyungang, and Suqian. During the early years of the Reform and Open policy, Jiangsu province experienced an economic miracle that has propelled it to a middle-income level region of a developed country, with almost 10,000 USD per capita in 2012. According to the national statistical yearbook, its gross domestic product value totaled to around 11,636.4 billion Renmingbi yuan in 2021, ranking as the second highest among provinces nationwide. Many researchers ascribe its success to its international strategy of cooperating with foreign enterprises where it can get enormous funds, more advanced technology, mutual benefits of international trade, and selling channels (Luo et al., 2016; Wang and Li, 2020; Xi et al., 2022). In 2006, Jiangsu provincial government proposed the strategy of building an innovative province, vigorously developing an innovative economy, and transforming economic development from mainly relying on material input to mainly relying on innovation driven, which is the only way for Jiangsu to promote scientific development. At present, Jiangsu has obvious regional differences in the level of economic development, scientific and technological resources, innovation awareness and other aspects. Therefore, when formulating the development strategy of innovative economy, we should not only consider the commonness of innovative economic development in Jiangsu, but also take into account the individuality of innovative economic development in different regions of Jiangsu, which requires comprehensive and in-depth investigation, research and theoretical analysis (Li, 2014). Given these circumstances, this paper focuses on two questions: What is the relationship between innovative performance and environmental regulation in Jiangsu province? To which extent do these factors will influence the innovative dependent variable? Accordingly, future developing suggestions related to industrial reform in Jiangsu will be given based on the ensuing empirical research. Based on the previous research results, this paper intends to use panel data to empirically analyze the influencing factors and differences of innovation output in 13 prefecture level cities and three regions in Jiangsu (Southern Jiangsu, Central Jiangsu and Northern Jiangsu), in order to objectively understand the actual situation and regional differences of Jiangsu’s innovative economic development, and provide a scientific basis for the strategic choice and mode choice of Jiangsu’s innovative economic development.
2 LITERATURE REVIEW
2.1 Mechanisms of environmental regulation influencing innovative behaviors
The concept of innovation was put forward by Schumpeter to explain the economic cycle and growth. His idea about innovation as a new design or adjustment of production function in different firms and industries. Innovation was not seen solely in a scientific notion; it is a certain new form of productive force, driven by profit orientation of different enterprises to promote social and economic sustainable development (Schumpeter and Backhaus, 2003). Some developing countries try to carry out innovative policies to overcome the deteriorating effects on environment, aiming at the win-win of environmental protection and economic development (Jiang et al., 2013). With more stringent public environmental regulations, many authors discuss the direct and indirect effects environmental regulations will impose on innovative institutions (Zhang, 2018).
The direct effects of environmental regulations are two-fold: the positive offset effect and the negative compensation effect. On one hand, when governments issue strict environmental policies to control emissions of wastewater, gases, or solid waste, firms with revenue-cost considerations can take two kinds of feasible strategies: first is to increase fund budget to realize the technological progress effect, while the other is to enhance productivity through improving production process or adjust the proportion of productive factors. Under these circumstances, firms can derive net profit due to increase of revenue despite additional environmental regulation costs. To protect the environment, government departments will give some financial and fiscal support to firms in certain industries, eliminating the fund constraint of innovative need. Meanwhile, as new policies inclined on reflecting the realistic social and environmental cost are carried out, some privileges for cleaner resources and more advanced materials applications will foster greener technological innovation.
On the other hand, the negative effects caused by environmental regulation consisting of crowding-out effects of innovative fund and investments. Because of the limited financial fund each firm possesses, putting some of these into dealing with the environmental regulation results in the remaining funds turning fewer. Classic firm theory tells us that stricter environmental regulation brings financial burden on firms, hence they gradually lose their comparison advantages and may move to locations with loose environmental regulations. This pushes developing countries and regions to bear the brunt of pollution-intensive industries, crowding out local investment and innovative orientation inputs.
Some of the indirect effect of environmental regulation include foreign direct investment (FDI), the technological spillover effect, size effect of large-scale firms, innovative effect of human capital, and the return of equity ratio—all of which will, to some extent, influence the innovative efficiency of firms. Environmental regulation changes the investment site as conducive for technological absorption, with administrative policies cater to international capital. In open economies, attracting FDI of higher quality has been the common strategy for developing countries. FDI does not only bring the adequate innovative domestic investment to assuage the lack of funds, it also imparts modern managerial philosophies and advanced technologies in these economies (Jiang, 2004).
The spillover effect of FDI under environmental regulation may be diversified. Explanations such as the pollution heaven hypothesis assume that as severe environmental regulation will increase the cost of compliance of foreign firms, they will divert to regions with weaker environmental regulation to conduct business (Baumol and Oates, 1988). Domestic firms lacking innovative funds will crowd out some employee training and R&D expense to pay for the stricter environmental regulation cost, leading the absorption of FDI technological to be weaker.
As environmental regulations get stricter with the increasing worldwide appeal of the “cleaner and greener life,” some local governments will enhance the environmental standard for foreign enterprises seeking permission to investment by setting barriers for pollution-intensive firms, instead welcoming capital-intensive and technology-intensive enterprises.
Environmental regulations will also influence the effects of technological innovation on human capital. Technological progress has been the fundamental basis for modern economic growth characterized by better machines and better human resources equipped with better education and technical skills. On one hand, accumulation of adequate human capital is a motivation to promote technological capacities through the adoption of new technology needs to match the capabilities of human capital quality. The higher quality and amount of human capital a country possesses, the more pronounced the technological progress that ensues. On the other hand, acquirement, absorption and convertibility of human capital urges enterprises to create technological innovation that is goods-based. This is manifests as new technologies that are combined with human capital and sold to consumers with added economic value (Solow, 1957).
2.2 Factors influencing innovative efficiency
The streams of existing literature on innovation efficiency are mainly discussed in different levels: countries, regions or cities, or enterprises and various types of companies. Higher level of economic development, population increase, and industrial structures will have a significant influence on innovative efficiency improvement (Fan et al., 2020; Wan et al., 2022). Based on innovative efficiency decomposition, Li et al. (2021) point out that cities with better human capital, higher science and technology investment, and education expenditure have a more positive significance on municipal ecological efficiency.
Similarly, Chen et al. (2020) illustrate that education investment and innovation talents have a U-shaped relationship with urban eco-efficiency. In contrast, capital investment and innovation performance have an inverted U-shaped relationship. Li et al. (2018) used non-parametric DEA model to check the relationship between environmental regulation and technical innovation in Xi’an. The results show that the “Porter hypothesis” does not prove tenable.
Meanwhile, in the Yangtze River Economic Belt region, green technological innovation improves the region’s eco-efficiency due to the energy rebounds from the compliance cost and the innovative compensation effects. Therefore, there is a “race to the top” phenomenon in some developed regions in Eastern parts of China and a likewise “race to the bottom” phenomenon in the Western part under-developed regions of China (Zhang and Lv, 2018; Liu et al., 2020).
Resource endowment is both a curse and blessing for cities with different resources as it moderates the innovative development of cities (Zhang et al., 2022). From small and middle scale enterprises in European regions, over-investment is carried out in non-research and development innovation activities which causing low innovative output (Rexhäuser and Rammer, 2014; Teirlinck and Khoshnevis, 2022). As for the spatial spillover of eco-innovation effect (Yang and Liu, 2020), there exists a positive correlation between foreign capital utilization and degree of openness. Zeng et al. (2019) uncovered that regional absorptive capacity—especially for industrial R&D, government support, and FDI, also proved as the most critical factors that facilitate regional innovation in China and is revealed only in highly innovative cities, but not in less innovative ones. In this light, regional absorptive capacity in China unexpectedly serves as a self-reinforcing mechanism solely for highly innovative cities, which further advances the current understanding of the rising regional inequality of innovation in China.
From the literature review, it is found that most of the existing studies analyze the factors affecting enterprise or industry innovation from the micro perspective, while the analysis of regional innovation ability is mostly from the national macro level. There are few quantitative analyses and comparative studies from the regional level, especially those taking each region of Jiangsu Province as the research object. Therefore, the author uses the data of 13 prefecture level cities in Jiangsu Province. By constructing an econometric model, this paper discusses the factors affecting regional innovation output, and puts forward policy suggestions accordingly.
3 METHOD AND DATA
3.1 Model
Knowledge Production Function (KPF) is the prevalent theoretical model to examine the relationship of technological innovation, knowledge production, and regional innovation. KPF was used to estimate different factors that would contribute to the final output in research and development (R&D) activities, in which output of R&D is viewed as function of the R&D input (Griliches, 1979). KPF has been proved to be effective in measuring both innovative performance and knowledge spillover effect (Bode, 2004). Jaffe (1989) used time series data to explore the spillover effect from university research to commercial innovation. It was found that new knowledge with commercial value is an important target that firms pursue. Hence, the modified Cobb-Dauglas knowledge production function model is as follows:
[image: image]
In formula (1), P variable indexes the patent number of companies that are registered and reflect the new knowledge created. Because of its objectivity, continuity and richness, scholars can use patent data as an effective tool for in-depth analysis and interpretation of innovation management problems, phenomena and laws in case studies. Usually, scholars measure innovation performance by patent quantity and quality. Patent quality can generally be measured by the following indicators or their comprehensive weighting: patent type, time interval from patent application to authorization, number of patent claims, patent maintenance time, number of patent citations, strength and depth of patent family (Sun et al., 2022). The K variable indexes the R&D fund input of firms, and the L variable indexes the financial input by universities. A is constant value, and Ɛ is the stochastic error. Based on current literature, factors influencing the innovative output are capital, human labor, and others, thus the Cobb-Dauglas production function is constructed as follows:
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Here in formula (2), PN indexes the regional innovative performance, A is the constant, RD indexes the R&D input, TP indexes the human capital input, GF indexes the governmental supporting fund, TL indexes the financial loan in each city, FDI indexes foreign direct investment, OP indexes the economic openness of each city, and [image: image] indexes the stochastic error.
In consideration of time dynamic effect in getting the natural logarithm disposal for formula (2), get the econometric model is therefore as follows:
[image: image]
In model 3, [image: image] indexes the city observational unit, [image: image] indexes each year time, [image: image] is the constant item, [image: image] is the stochastic error term.
3.2 Augmented dickey-fuller unit root and co-integration tests
The disturbance term {Ɛt} is independent white noise, so the disturbance term has no autocorrelation. If {Ɛt} has autocorrelation, a higher-order lag term can be introduced. Suppose an appropriate lag period p is selected, so that the disturbance term {Ɛt}in the following AR(p)model 4 is independent white noise:
[image: image]
For the convenience of inspection, the above formula is converted into the following Eq. 5:
[image: image]
In order to test whether there is a unit root, we can consider regression Eq. 5 and test the null hypothesis H0: [image: image] = 1 vsH1: [image: image] ˂ 1.
In order to test whether there is co-integration relationship between variables, (Engle and Granger 1987) put forward the test method. Assuming that there is an auto-regressive distributed lag model relationship between X and Y sequences:
[image: image]
And its Error Correction Model (ECM) is:
[image: image]
The [image: image] in Eq. 7 is a stationary process, if there is no co-integration relationship between X and Y sequences, the left equation still keeps stationary, while the right error correction model can not be established.
3.3 Variables and data sources
3.3.1 Explained variable
In this study, yearly patent registered number is used to measure innovative performance. In China patents are designated into three categories: invention patent, practical new type patent, and the design patent. All three categories have distinct and specific definitions of originality and protective time spans. In the Jiangsu statistical yearbook, only two groups of patent data exist: one is the patent application number, while the other is the patent approved number. The second group of patent data has a stricter examination, and the final approved number of patents can be used to reflect the regional innovative capability (Table 1).
TABLE 1 | Variables definition.
[image: Table 1]3.3.2 Explanatory variables
Environmental regulation (ER). Current literature suggests that there is no direct indicator to measure the intensity of environmental regulation. Some papers adopt quantitative indicators to measure this intensity. For example, GDP Per capita is used as an alternative index to environmental regulation only if, with the continuous rise of income level, environmental regulation is also stricter (Antweiler et al., 2001). The emission intensity of different pollutants is used as an index to measure the environmental regulation intensity of a country (Domazlicky and Weber, 2004). The operation cost of pollution control facilities is also measured, or the quantitative index of environmental governance cost is taken as the alternative or proxy variable (Zhang et al., 2011). There are some qualitative indicators such as urban environmental governance standards and environmental subsidy policies which are adopted to reflect the environmental protection process and the subsequent measures adopted.
This paper considers the different nature of available industries, along with the many indicators in the statistical yearbook. The lack of comparability between different industries and the relevant indicators must also be carried out by standardized processing. Therefore, this paper adopts the linear standardization method to deal with environmental regulatory indicators, and constructs a comprehensive reflection of the different industries.
The index system of pollution regulation intensity and its change measures the pollution emission intensity of various industries as the alternative index of environmental regulation. Usually, the higher the pollution emission intensity in a region, the more severe the environmental regulations in the region are, as well. By collecting the pollution discharge of wastewater, waste gas, and solid waste and the industrial output value of each industry, the pollution discharge value of the unit output value of each industry is calculated to demonstrate the environmental regulation intensity in each city.
Human capital. The level of human capital is an important factor that affects the technological innovation ability of enterprises. The technological innovation of enterprises needs high-level R&D personnel, and the technological innovation of enterprises is the embodiment of the creative achievements of core technicians. At the same time, in the development process of open economy, China has made full use of its strategic location and cost and business advantages by actively integrating into the international division system of labor, and effectively promoting the rapid development of economy through introduction, digestion, absorption, and re-innovation. Human capital is one of the indispensable variables that affects these different faces of economic development. The study uses the number of people engaged in scientific and technological activities to reflect the quality of human capital in each city.
R&D fund input. Sufficient R&D funds are a necessary condition for an enterprise’s technological innovation. However, due to faults in China’s financial market system and the high-risk characteristics of technological innovation, the external financing channels of enterprises are limited, and its reliance on internal funds makes it vulnerable as well. Higher profit margin can not only ensure that enterprises have enough retained earnings for technology R&D, but also encourages enterprises with higher profit margin to have good expectations for industrial development and invest more funds into R&D activities. The funds that support the R&D process include three different sources: the enterprise invests part of its own funds, banks support R&D activities or through technological transformation loans, and government financial support funds.
Foreign direct investment and the extent of economic openness. With the continuous advancement of economic globalization, the innovation and R&D process of foreign-funded enterprises is no longer limited to one country. The integration of technical and human resources around the world forms the sharing of technology, knowledge, and information, to achieve the purpose of complementary advantages and collaborative improvement of enterprises’ technological innovation ability.
Today, the scale of China’s investment attraction continues to expand, and foreign-funded enterprises have become an important part of China’s R&D and innovation system. In this context, local enterprises should not only focus on improving their R&D capacity and absorption capacity, but also improve their technological innovation ability by strengthening R&D cooperation with foreign-funded enterprises. In addition, the flow of talent also contributes to the technology spillover of foreign-funded enterprises. Therefore, this paper selects the actual scale of foreign capital utilized in that year as the measurement index of FDI.
In the specific analysis process, to eliminate the dimension of variables, the indexes are logarithmicized. The study uses total import and export volume divided by GDP of each city to reflect their openness.
3.3.3 Data sources
With the availability of environmental pollution emission data, this paper selects the panel data of 13 prefecture level cities in Jiangsu Province from 2006 to 2020 for regression analysis. The sample data are mainly from Jiangsu’s statistical yearbook from 2006 to 2020, Jiangsu Science and Technology Yearbook from 2006 to 2020, comprehensive evaluation results of statistical monitoring of scientific and technological progress of cities in Jiangsu Province from 2006 to 2020, and some patent data available at the website of Jiangsu Intellectual Property Office.
4 RESULTS AND DISCUSSION
To eliminate the influence of price factors on R&D fund investment and other indicators, the consumer price index is used to reduce the variables RD, GF, TL and FDI so that x = 100 (X*/PI) where: X represents the actual statistical index; X * indicates nominal statistical indicators; PI represents the measured consumer price index. Set year 2006 as 100. According to Jiangsu statistical yearbook 2007–2021, the above indexes are converted into the constant price level in 2006.
4.1 Description of variables
The descriptive statistical result of the explained and explanatory variables are given in Table 2. The unit of the PN variable is the number of patents, with a mean value of (15362.48). The unit of GF variable is RMB 100 million, with a 20.63 mean valye. The unit of RD variable is RMB 100 million, with a 115.52 mean value. The unit of TL variable is RMB 100 million, with a corresponding 4266.72 mean value. The unit of RD variable is number of working staff in R&D activities, with 4266.72 as its mean value. The unit of ER variable is 100 million tons, with 3.15 as its mean value. The unit of FDI variable is 100 million US dollar, with 20.34 as its mean value. The unit of OP variable is the percentage value of each city in different years, with a 0.41 mean value.
TABLE 2 | Descriptive statistical analysis of each variable.
[image: Table 2]4.2 Unit root test
Traditional econometrics requires the stochastic process to be stable. That is, the expectation of each time in the time series is independent of covariance and time. If the stability premise is not satisfied, there will be false regression. Therefore, before calculating the panel data model, it is necessary to test the unit root of the relevant time series data to determine whether the variables are stable. In this study, three test methods are used to test the unit root of the panel data of Jiangsu Province, Southern Jiangsu, Central Jiangsu, and Northern Jiangsu respectively, including the Fisher Augmented dickey-fuller (ADF) test and LLC (Levin-Lin-Chu) test. See Table 3 for details.
TABLE 3 | Unit root test of variables in Jiangsu Province.
[image: Table 3]The time-varying behavior of the moment characteristics of time series reflects the non-stationary nature of time series. The processing method of non-stationary time series is generally to transform it into stationary series, to apply the method of stationary time series and study accordingly. The test of the unit root of the time series is the test of the stationarity of the time series. If there is a unit root in the non-stationary time series, this can be eliminated by the difference method to obtain the stationary series. For the time series with unit roots, they generally show obvious memory and volatility persistence. Therefore, the unit root test is the basis for the discussion of the existence test of co-integration relationship and the persistence of series volatility.
The results of unit root test of various variables in Jiangsu show that ln (PN) rejects the original hypothesis at the level of 10%, while FDI rejects the original hypothesis at the level of 5%, indicating that the two index sequences are 0-order single integers. However, GF, RD, lnHC, lnTL, ER, and OP in Jiangsu Province cannot reject the null hypothesis of unit root at the significance level of 10% (although some individual results pass a single test without difference). For their first-order difference, the results of the two test methods reject the null hypothesis of unit root at the significance level of 1%, indicating that the first-order difference of each sequence is a first-order stationary process. Therefore, according to the test results, GF, RD, lnHC, lnTl, ER and OP are all first-order stationary sequences, but ln (PN) and FDI are zero-order stationary sequences (see: Table 3).
4.3 Co-integration analysis
Because there are non-stationary variables in the panel data model, it is necessary to conduct co-integration test on the model to judge whether there is said relationship between each variable. This prevents the occurrence of pseudo regression. This paper will use the Kao ADF test and Pedroni test method to co-integrate the panel.
It can be seen from Table 4 that the Kao and Pedroni test of each variable rejects the original hypothesis at the significance level of 1%.This indicates there is a co-integration relationship between each variable. Additionally, Westerlund test for co-integration is done, the null hypothesis is “No co-integration”, we check the Jiangsu province data in Stata, the p-value is 0.01 (the statistic value is 2.11), so we accept the alternative hypothesis “Some panels are cointegrated”.
TABLE 4 | Results of Kao and Pedroni test.
[image: Table 4]4.4 Panel data regression results
Before setting the model, it is necessary to consider that there may be a test of inter group contemporaneous correlation in panel data. Consider the null hypothesis is that “there is no component synchronization correlation”. If this original assumption is true, the correlation coefficient of different individual disturbance terms calculated according to the residual should be close to zero. If these correlation coefficients are arranged into a matrix, namely “correlation matrix of residuals”, the diagonal elements of the matrix should not be far from zero. According to correlation matrix of residuals, it can be tested by Breusch-Pagan LM test. In Table5, based on 15 complete observations, the chi2 (78) value is 204.81, the p-value of Breusch-Pagan LM test of independence is zero, therefore, it strongly rejects the null hypothesis of “no contemporaneous correlation” and believe that there is cross sectional dependence.
TABLE 5 | Results of correlation matrix of residuals.
[image: Table 5]For ordinary panel data, neighboring cities may interact through trade or investment, resulting in cross-section related problems. There are mainly two ways to deal with the heteroscedasticity between groups or the simultaneous correlation between groups in which the disturbance term exists. One is to continue to use OLS method to estimate the coefficient and only correct the standard error, that is, through the panel corrected standard error method. The other is to assume the specific form of heteroscedasticity or auto-correlation, and then use the feasible generalized least square (FGLS) method to estimate. In this paper, considering the existence of intra group auto-correlation, inter group heteroscedasticity or contemporaneous correlation, the cross-sectional time-series FGLS regression method is used for estimation, and the results are shown in Table 6.
TABLE 6 | Regression results of innovation output.
[image: Table 6]Considering the abnormal value influence, the observed values of variables at the 1st and 99th percentiles of their distribution are windorized. From the regression results (Table 6), it can be seen that the variables affecting the level of technological innovation in various regions are different from the expected symbols.
The regression results of Jiangsu Province are significantly different from those of Northern, Central and Southern Jiangsu. This could be explained by the following:
(1) Government funding for science and technology. From the perspective of Jiangsu Province, this variable has no significant role in promoting innovation output, which is only significant at the 10% significance level in southern Jiangsu and 1% significance level in Central Jiangsu, but it does not pass the test in Northern Jiangsu. In southern Jiangsu, every 1% point increase in government science and technology allocation promotes the increase of innovation output by 0.00063% points. This shows that the Jiangsu provincial government attaches great importance to the role of scientific and technological innovation in economic development. However, government financing has invested a lot in promoting scientific and technological innovation, which has produced good results such as significantly improving the local level of scientific and technological innovation, pushing for further optimizing the structure. In Northern Jiangsu, the equation did not pass the significance test, which may be due to the low overall financial level of Northern Jiangsu and the limited financial support for the development of the innovative economy. Governmental subsidies are an important support for technological innovation of polluting enterprises, but it is often difficult to meet the financial needs of technological innovation. Therefore, enterprises can take the ways of technological innovation R&D shares, purchase insurance for technological innovation activities, joint financial institutions, insurance companies and R&D institutions to carry out technological innovation, and use modern financial tools to provide financial support for technological innovation (Zhou and Guo, 2022).
(2) Independent R&D investment of enterprises. This variable has a significant positive effect on innovation output in Jiangsu, where every 1% point increase in R&D input level can promote the increase of innovation output by 0.0008% point. From a sub-regional perspective, the R&D input level has a significant negative impact on the innovation output of Northern and Central Jiangsu. This may be due to the crowding out effect of enterprise funds. R&D activities crowd out the normal operation of enterprises, which significantly hinder the progress of local scientific and technological levels and improve the strength of independent innovation in the long run.
(3) Investment of scientific and technological personnel. This variable has a certain promoting effect on innovation output. That is, every 1% point increase in the input level of scientific and technological personnel can promote the increase of innovation output by 0.4377% points. This is mainly because Jiangsu Province has rich research and teaching resources and many research talents, which provide favorable conditions for the development of scientific and technological innovation activities in Jiangsu. From a sub-regional perspective, the input of scientific and technological personnel has obvious positive significant role in promoting the innovation output of Southern Jiangsu, Central and Northern Jiangsu. The possible reason is that Jiangsu province is rich in science and education resources, and the successful implementation of R&D talent incentive policies in Southern, Central and Northern Jiangsu. In recent years it has led to the increasing number of scientific and technological talents in whole Jiangsu province, which is conducive to the improvement of local scientific and technological output. Enterprises should also create a good innovation atmosphere within the organization, formulate various incentive measures to fully mobilize the enthusiasm of employees for innovation, so as to promote green innovation and sustainable development of enterprises (Xing and Yu, 2019).
(4) Loans for scientific and technological transformation of financial institutions. In Jiangsu’s experience, the science and technology output elasticity of this variable is 1.0216, and its positive effect on innovation output is significant at the level of 1%. In terms of sub-regions such as in Northern, Southern or Central Jiangsu, the impact of financial institution loans on independent innovation in each region has reached the significance requirement of 1%. Indicating that at present, financial science and technology loans have a significant role in promoting technological innovation in Jiangsu, and that local financial resource endowments have an important impact on enterprise innovation activities.
(5) Environmental regulation. From the regression results, environmental regulation has a positive and significant impact on Jiangsu’s regional innovation, given that it passed the 5% significance level test. Every 1% increase in regulation intensity will positively promote the innovation level of the whole province by 0.0117% points. From the consequences of environmental regulation, Central Jiangsu region has achieved a positive “Porter effect”. However, it has not passed the significance test in Southern and Northern Jiangsu, which may be closely related to the degree of industrialization in these sub-regions. In the domestic empirical research on local environmental regulation and foreign direct investment, most studies believe that the difference of local environmental regulation is the main reason for the regional difference of foreign direct investment. Chen. (2009) believes that the loose environmental regulation strategy of local governments has made China a “pollution refuge” for multinational polluting enterprises. Strict environmental regulation inhibits the inflow of foreign capital, or forces high energy consuming and high polluting enterprises to migrate to other regions, thus making regions with weak environmental regulation standards become “pollution havens" (Xue and Huang, 2021). Spatareanu (2007) believes that reasonable environmental regulation policies can optimize the level and structure of foreign direct investment.
(6) Influence of foreign direct investment. With Jiangsu, FDI has a negative effect on its innovation output, and passes the significance test at the level of 5%. From a sub-regional perspective, FDI does not show a significant effect on three part. All regions should continue to introduce policies to improve the quality of foreign investment and realize the technology spillover of FDI.
(7) Openness. From the perspective of Jiangsu Province, this variable has a certain negative effect on science and technology output. That is, every 1% point increase in openness will reduce innovation output by 0.1180% points. In terms of sub-regions, South Jiangsu and Norther Jiangsu have not passed the significance test, hence the openness of each region does not has a clear impact on scientific and technological output. This may be explained by the scientific and technological content and the economic added value of Jiangsu’s import and export products being relatively low. The increase of import and export does not promote scientific and technological innovation, but instead hinders the progress of science and technology.
5 CONCLUSION AND POLICY IMPLICATIONS
Based on the theory of knowledge production function, using the panel data of 13 prefecture level cities in Jiangsu from 2006 to 2020 and based on the processing method of panel time series, the study constructs the measurement model of the influencing factors of innovation output in Jiangsu Province and analyzes the impact of R&D investment, environmental regulation, FDI, and other factors on innovation output in Jiangsu Province. Future policies can be carried out from following recommendations:
(1) Formulate a system of simultaneous growth of science and technology investment and fiscal revenue and strive to ensure that the growth rate of science and technology investment is higher than that of fiscal revenue. Financial investment in science and technology focuses on supporting basic, social welfare and cutting-edge technology research. Attach importance to the scientific research capacity building of public welfare industries and establish a stable support mechanism for scientific research of public welfare industries.
Priority should be given to funding key R&D projects with good market prospects. Strive to create a guiding environment conducive to enterprises’ independent investment in R&D and drive social funds to continuously invest in the field of scientific and technological R&D. Promote enterprises to increase R&D investment. For enterprises whose R&D investment accounts for a certain standard of sales revenue in the current year, implement tax relief or give certain financial subsidies. Increase support for enterprises with R&D institutions, and cultivate innovative enterprises and a number of large enterprises and groups with strong independent innovation ability through the construction of enterprise R&D institutions and major project support. This makes enterprises truly become the main body of innovation and R&D investment.
(2) Improve the quality of human capital investment and the ability of science and technology transformation. The study found that due to the quality of the enterprise’s own human capital and the ability to transform scientific and technological achievements, the investment in human capital may increase while the enterprise’s technological innovation level does not change or even decline. The main reason is that the investment in human capital is of “quantity” and lack of “quality.” Therefore, the enterprises should improve the level of introducing talents or human capital investment, so that human capital can effectively transform science and technology into productivity. The enterprises themselves can establish the vocational training and incentive mechanism supporting the enterprise to provide an efficient platform for high-level human capital. At the same time, a perfect talent introduction and assessment system shall be formulated to strictly check whether the introduced talents match the needs of the enterprise to avoid “redundant innovation attempts” and waste resources.
(3) Formulate appropriate environmental regulation measures. Presently, China is in an opportunity period of economic transformation and industrial upgrading. The formulation of appropriate regulatory measures is conducive to the effective development of technological innovation activities, to ensure the health and sustainable development of the economy. The impact of environmental regulation on technological innovation depends not only on the severity of environmental regulations, but also on the specific environmental regulation measures it implements “controlled” environmental regulation tools such as environmental standards and emission quotas lack sufficient incentives for enterprises due to their strong compulsion. The “incentivizing” environmental regulation tools such as emission trading and environmental subsidies provide continuous incentives for enterprise technological innovation, which is conducive to improving the innovation ability of enterprise pollution control. Therefore, the government needs to take differentiated environmental regulation measures according to the level of economic development, the degree of environmental pollution and the practical characteristics of different industries in different regions.
For areas with serious environmental pollution and pollution intensive industries, policymakers can adopt “controlled” environmental regulation tools to reduce the intensity of pollution emission, while for areas with less environmental pollution and technology intensive industries, policymakers can flexibly use sewage charges, user charges, and emission trading and other measures to encourage enterprises to innovate pollution control technology and production technology, and improve enterprises’ pollution control ability and production efficiency.
(4) Choose foreign direct investment according to local conditions. The study also shows that the relationship between foreign direct investment and the technological innovation level of enterprises in Jiangsu Province is not significant. The main reason is that the absorption capacity of foreign direct investment and receiving enterprises is misplaced, and the threshold effect is obvious, which makes enterprises absorb foreign direct investment. This however does not effectively transform into productivity, or foreign investors’ willingness to share technology with accepted enterprises, hence local enterprises are limited to the low end of the production chain.
Therefore, enterprises should selectively introduce foreign direct investment, not ignore environmental pollution for short-term interests, and introduce foreign direct investment for sustainable development from a long-term perspective. At the same time, enterprises should investigate the matching degree between their own enterprises and foreign-funded enterprises and introduce them targeted. The most fundamental point is that enterprises should strive to improve their ability of digestion, absorption and secondary innovation.
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“Chinese-style Nimby” is a thorny issue in China’s current public governance. Generally speaking, there is a game relationship between multiple stakeholders in the environmental NIMBY conflicts. Given this, the study constructs the tripartite evolutionary game model of the government, construction enterprises and the surrounding residents, and uses MATLAB to numerically simulate the evolutionary system. The results show: 1) The effect of government negotiations in resolving environmental conflicts is better than environmental compensation, with the increase in the degree of civil resistance, the probability of the government choosing negotiation strategies will increase; 2) Reducing the cost of negotiations in enterprises, or the taxation index when selecting considering public’s demands, or improving additional benefits of the corporate, which can effectively improve the positivity of enterprises to consider people’s appeals; 3) The higher the compensation and the extra benefits of people’s cooperative participation are, the faster the system will evolute to people’s cooperative participation. Finally, based on the research findings, this paper provides reference and countermeasures for the construction of multiple co-governance mechanisms of environmental NIMBY conflicts.
Keywords: tripartite evolutionary game, environmental conflict governance, stimulation analysis, behavior strategy, environmental economics
1 INTRODUCTION
With the deepening of reform and opening-up, China’s urban development has made remarkable achievements. By the end of 2021, the urbanization rate of China’s permanent population has reached 64.72% (refer to Kui Feng). Economic development has raised the level of urbanization, but also put forward higher requirements for urban infrastructure, building all kinds of infrastructure including NIMBY facilities has become a realistic choice to ensure urban development. According to the 2020 Annual Report on the Prevention and Control of Environmental Pollution by Solid Waste in China’s Large and medium-sized Cities released by the National Bureau of Statistics, in 2019, 196 large and medium-sized cities in China generated 235.602 million tons of domestic garbage and treated 234.872 million tons, with the treatment rate of 99.7% (refer to Ministry of Ecology and Environment of the People’s Republic of China). During the period of the “12th Five-Year Plan” (2011–2015) and “13th Five-Year Plan” (2016–2020), the number of China’s waste incineration plants increased by 303%, and the incineration treatment volume increased by 577%. Moreover, as of June 1, 2020, China had 455 incineration factories in operation, with a compound annual growth rate of 15.6% over the past 5 years (refer to China Association of Circular Economy).However, the stakeholders in NIMBY problem have different interest demands and value standards, so how to coordinate the interest demands among multiple subjects is the key to solve the NIMBY problem.
The concept of “NIMBY” originated from the word “Not in My Block” proposed by O’Hare in the 1970s, which is used to describe the facilities that can bring overall social interests but have a negative impact on the nearby residents, and public protests caused by the planned location of such facilities (O’hare, 1977; Arif and Sohail, 2020; Zhao et al.,. 2019; Zhao et al., 2022a; Zhao at al., 2022b; Zhenyu and Sohail, 2022). Typically, the NIMBY sentiments are positively related to the distance of the NIMBY facilities, which is frequently tied to concerns about health and safety, the decline in property values, general decline in quality of life, emotional attachments to existing local land uses, and a desire to preserve existing rural aesthetics (Schively, 2007; Van der Horst, 2007; Devine-Wright, 2009, 2011; Yet et al., 2017; Yat et al., 2018; Sohail et al., 2021b; Chai. et al., 2021). The differentiated interests between different subjects and the differentiated value judgment behind them have become an important reason for NIMBY dilemma.
In terms of the urban development history of the world, NIMBY is not an isolated issue (Dmochowska- Dudek and Bednarek-Szczepan´ska, 2018). Similarly, NIMBY is by no means a unique economy and social problem in China. The foreign practice has proved that almost all developed economies will experience a “NIMBY era” after passing through the stage of rapid development. Taking the history of NIMBY in the United States as an example, it has experienced the pre-NIMBY period, the early NIMBY period and the post-NIMBY period (Saha and Mohai, 2005). Since the beginning of the 21st century, especially after 2010, China has witnessed a high incidence of NIMBY incidents, which are mainly reflected in the increasing number of nimby incidents and the more intensive frequency of their outbreaks. Among them, the environmental mass disturbance is one of the typical forms of expression of the NIMBY conflict. Therefore, many studies put NIMBY issues under the research framework of environmental conflict governance. Indeed, interest in environmental governance has led to research at all scales from knowledge-governance (Van der Molen, 2018; Sohail et al., 2019a; Yasara et al., 2019; Sohail et al., 2014a; Sohail et al., 2014b; Sohail et al., 2022a; Sohail et al., 2022b). Being a human being world is making latest technology and at same time it may have impacts on our environment (Sohail et al., 2013; Sohail et al., 2019b; Sohail et al., 2020; Sohail et al., 2021a; Sohail et al., 2021c; Sohail et al., 2021d; Sohail et al., 2022c). to Mining Governance (Bebbington et al., 2019) and focus on issues such as the role of private actors and markets in environmental governance (Vatn et al., 2018), environmental authoritarianism with Chinese characteristics (Kostka and Zhang, 2018), collaborative governance of public health in low- and middle-income countries (Emerson, 2018), polycentric environmental governance (Heikkila et al., 2018), Authoritarianism and Eco-populism (Middeldorp and Le Billon, 2019) and Collaborative Governance (Ide, 2018). Besides, some scholars try to innovate research methods by constructing a practical framework (Bennett and Satterfield, 2018), structural equation modeling and exploratory factor analysis (Jager et al., 2020) and cross-case study (Fisher et al., 2020) to improve the application of technical methods. The literature has widely acknowledged that a cooperative environmental agreement can make a positive impact on reconciliation between rival states (Muhammad et al., 2014; Shahab et al., 2016; Mahfooz et al., 2017; Rasool et al., 2017; Mahfooz et al., 2019; Morrison et al., 2019; Mahfooz et al., 2020; Liu N. et al., 2022; Liu Y. et al., 2022; Lu and Sohil, 2022; Mustafa et al., 2022), which has provided valuable basis for the current domestic NIMBY research.
Through the interpretation of NIMBY discourse, it can be found that there are different opinions on the NIMBY phenomenon at present. Davies used a case study of the Millennium Stadium in Cardiff and the City of Manchester Stadium to illustrate that sports stadia can actually enhance the value of the residential property and contribute indirectly to property value through the creation of pride, confidence and enhanced image of an area (Davies, 2005). As discussed by Terwel et al., the viability of onshore CO2 storage projects may be jeopardized by the presence of NIMBY sentiments in the population. In their research, they argued that the trust in the government affected how respondents judged the societal risks and benefits associated with CO2 storage (Terwel et al., 2013). Krause et al. utilized survey data collected from 1,001 residents of the coal-intensive United States state of Indiana and examined how the closeness of a hypothetical CCS facility to individuals’ communities influences their acceptance of it (Krause et al., 2014). Based on the comparative studies in Shanghai and Hong Kong, Linlin Sun et al. considered that public participation has a positive impact on public acceptance of NIMBY facilities during the planning stage timely, and late public participation will increase public discontent and further decrease the possibility of the public to accept NIMBY facilities (Sun et al., 2016). Meishu Wang et al. believe that the closer is the houses and the ground wastewater treatment plants (WWTPs), the severer were the inhibition effects, indicating the relationship between environmental quality and property price (Wang and Gong, 2018). Avdan et al. used two online survey experiments to test these arguments as followed. Firstly, the personal proximity of terrorist attacks is positively related to the perceived threat of terrorist attacks. Secondly, the physical proximity of terrorist attacks is positively related to the perceived threat of terrorist attacks (Avdan and Webb, 2019). Based on a case study of the dwellings in Tallahassee, FL, Jackson et al. highlighted how funding constraints and NIMBYism (Not in My Backyard-ism) stymied stakeholder efforts to achieve equity and affordability at the dwellings, which resulted in the inability to achieve project aims of developing housing that serves the homeless population (Jackson et al., 2020). Qing Yang et al. innovatively proposed ontology reasoning technology to construct a municipal solid waste (MSW) risk response model and discussed a NIMBY crisis case study to verify the reasoning results of the inference system. Meanwhile, the results showed that rule reasoning of transformation can effectively improve intelligent decision-making regarding MSW risk response (Yang et al., 2020). Jie Yu et al. assumed that the local government’s intervention in rumors to a certain extent is conducive to promoting the new media to publicize facts about the pollution NIMBY facilities and to restrain the local people’s choice of resistance strategies. It also found that the local government’s punishment for the new media spreading rumors should be kept above a certain level to restrain the new media from spreading rumors (Yu et al., 2021).
Reviewing the existing literature on NIMBYism, although present studies have covered many aspects of NIMBY conflicts, such as influential factors (Li et al., 2019; Zheng and Liu 2018; Jerolmack and Walker 2018; Sæpo´rsdo´ttir and O´ lafsdo´ttir 2020; Xu and Lin 2020), generation mechanism (Liu et al., 2018; Whittemore and BenDor, 2019), and governance countermeasure (Zhang et al., 2018). Yet, there is still a relative paucity of research that has applied evolutionary game to reveal the game relationships and influence mechanism among multiple stakeholders in the environmental NIMBY conflicts. More specifically, there is a lack of horizontal comparison of the effectiveness across the multiple stakeholders in the management of NIMBY conflicts under different evolutionary contexts. Consequently, this study focuses on the game relationship of stakeholders, as well as the behavioral strategies adopted in the in environmental NIMBY conflicts. In addition, what are the influencing factors of these behavioral strategies and what are the interaction mechanisms? In other words, this study explores the key factors influencing the behavior choice of multiple stakeholders in nimby environmental conflict governance, and how to control these factors to make the game system evolve towards the established goal, namely, the evolutionary stability strategy.
Inspired by previous work, the study aims to establish a tripartite evolutionary game model of the government, construction enterprises and the surrounding residents, and considers the influence parameters such as the degree of government compensation, the corporate taxation index and the degree of civil resistance. Then, the article focuses on the evolutionary stability of game tripartite strategies under the three cases, concluding (government’s negotiation strategy, enterprise considering people’s requests, people’s cooperative participation) as a stable equilibrium point of the tripartite evolutionary game in the environmental conflict governance (Yen et al., 2021; Jian et al., 2021; Jiang at al, 2021; Kamonja et al., 2014; Lan et al., 2022; Li et al., 2022a; Li et al., 2022b). Based on numerical analysis, we conduct further simulation experiments to study the main factors influencing the evolution of participant behavior strategies. Finally, we put forward some policy recommendations for optimizing the management of environmental NIMBY conflicts. In the remainder of this paper, we first offer detailed but non-technical remarks on the specification of evolutionary game models, and then introduce evolutionary models focused on the problem of multi-cooperation and co-governance of NIMBY conflicts (Sect. 2). Second, we analyze the stability of each equilibrium point and determine the evolutionary stability strategy (ESS) in different situations of environmental NIMBY (Sect. 3). Third, we discuss the influence of related parameters on the evolutionary path via numerical simulation, such as the degree of government compensation, the corporate taxation index and the degree of civil resistance (Sect. 4). We close with relevant concluding remarks and corresponding policy recommendations and then summarize the conclusions and limitations of this manuscript (Sect. 5).
2 MODEL ASSUMPTIONS AND CONSTRUCTION
We constructed an evolutionary model focused on the problem of multi-cooperation and co-governance of NIMBY conflicts, which involves the three stakeholders of local government (G), construction enterprises (C) and surrounding public (P). These stakeholders have bounded rationality and possess the ability to learn and evolve.
2.1 Model assumptions
At first, we tried to make a clear explanation of the relationship between the two parties in the game, the relevant hypothesis and parameters are stipulated as follow:
Hypothesis 1. For the siting of NIMBY facilities, there have two behavioral strategy options for each of the three stakeholders, namely: the local government [image: image] adopts compensation strategies [image: image] and negotiation strategies [image: image], the strategy space is [image: image], the probability of adopting the two strategies is [image: image] and [image: image], respectively; the construction enterprise [image: image] adopts the strategies of considering the public appeals [image: image] and the strategies of ignoring the public appeals [image: image], the strategy space is [image: image], the probability of adopting the two strategies is [image: image] and [image: image], respectively; the surrounding public [image: image] adopts the strategies of cooperative participation [image: image] and the strategies of resistance [image: image], the strategy space is [image: image], the probability of adopting the two strategies is [image: image] and [image: image], respectively. Notably, [image: image] are all functions of time [image: image].
Hypothesis 2. The construction of NIMBY facilities will produce negative externalities ([image: image]) and the overall social benefits ([image: image]) for the enterprise. When the government adopts a compensation strategy, the total cost of compensation paid by the enterprise to the surrounding residents is [image: image], and the government also has a certain proportion of compensation to the residents ([image: image]), thereby the actual amount of compensation is [image: image]. There are no compensation costs that need to pay by the government or enterprise due to residents’ resistance. In addition, the strength and cost of the residents’ resistance is [image: image] and [image: image], respectively. Thus, the total cost of resistance borne by the resident is [image: image]. Meanwhile, residents’ resistance will bring the social risk costs ([image: image]) to the government, thereby [image: image] means the total risk cost paid by the government. For another, the government needs to pay for the costs of negotiation ([image: image]) while the compensational strategy fails, and the residents will get the benefits ([image: image]) when they cooperate with the government. However, once the residents adopt a resistant strategy, the cost of resistance borne by the resident is [image: image] and the total cost is [image: image]. Additionally, in this case, the residents will obtain an extra benefit of resistance [image: image], and the entire risk costs taken by the government are [image: image] [image: image].
Hypothesis 3. The construction cost of NIMBY facilities for the enterprise is [image: image], and the economic benefits for the enterprise and residents after the facilities completion are [image: image] and [image: image], respectively. On the one hand, when the enterprise considers the public appeals and they reach cooperation, the additional benefits obtained by the enterprise and citizens are [image: image] and [image: image] (such as the stimulus benefits from the government). However, in the circumstances, once the cooperation fails and the surrounding residents adopt a resistant strategy, the cost of resistance borne by the resident is [image: image] and the total cost is [image: image], but the residents will obtain an extra income of resistance [image: image] and the corporate reputation loss cost is [image: image]. On the other hand, when the enterprise adopts a strategy that does not consider public appeals, but they still reach the cooperation, the company can obtain additional benefits [image: image], while the residents will lose the benefits [image: image]. Similarly, the total cost of resistance for surrounding residents is [image: image] and can receive an extra income [image: image] when they perform a resistant strategy, but the corporate reputation loss cost is [image: image].
Hypothesis 4. Due to the public characteristic and the inevitable negative externalities of the NIMBY facilities, the government needs to pay the financial subsidies [image: image] to the enterprise. Besides, when the government adopts a compensation strategy, the enterprise also needs to make compensation ([image: image]) to the surrounding residents. While the government adopts a negotiation strategy, the negotiation cost for the enterprise is [image: image]. In addition, the government will collect taxes ([image: image]) from the enterprise. When the enterprise considers public appeals, their taxation intensity is [image: image], and the total taxes the enterprise needs to pay are [image: image]. On the contrary, when the enterprise does not consider the public appeals, their taxation intensity is [image: image] and the total taxes required to pay are [image: image].
2.2 Model construction
According to the above assumptions, the game matrix of each subject of the NIMBY under different strategy combinations is shown in Table 1.
TABLE 1 | The benefits matrix of three stakeholders in the game models.
[image: Table 1]3 EVOLUTION GAME MODEL ANALYSIS
3.1 Analysis on the evolutionary stability strategy point of the local government
This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.
[image: image] is the average income of local governments adopting compensation strategies in the game, [image: image] is the average income of adopting negotiation strategies, [image: image] is the overall average income. [image: image] and [image: image] can be expressed as
[image: image]
[image: image]
Combining 1) and (2), we get
[image: image]
When 1) and 3) are combined, the replicator dynamics equation of local government strategy selection can be written as
[image: image]
Then, the first derivative of the replicator dynamics equation can be calculated as follow:
[image: image]
Let [image: image]. According to the stability theorem of replicator dynamics equations and the principle of evolutionary stability strategy, when [image: image] in formula (4) and [image: image] in formula (5), the probability of local government strategy selection reaches the evolutionary stability point. Since [image: image], so [image: image] is a subtractive function about [image: image]. When [image: image], [image: image], then [image: image] and [image: image], so all the [image: image] is the evolutionarily stable strategy point, which means the local government chooses to compensate or negotiate all is its optimal strategy choice. When [image: image], [image: image], obtaining [image: image], then [image: image] is an evolutionarily stable strategy point of the local government. On the contrary, when [image: image], then [image: image] is an evolutionarily stable strategy point. The dynamic phase diagram of stability evolution replication for the local government’s strategy selection is shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) The phase diagram of government strategy evolution. (B) The phase diagram of the strategic evolution of the enterprise. (C) Resident strategy evolution phase diagram.
Based on Figure 1A, [image: image] is the volume of [image: image], which presents the probability of the local government choosing the compensation strategy. Similarly, [image: image] refers to the probability of adopting the negation strategy. [image: image] and [image: image] can be calculated as
[image: image]
We can derive the following propositions from (6).
Proposition 1. The probability that the local government chooses to negotiate is positively correlated with the proportion of compensation and total compensation costs and is reversely associated with the negotiation cost, the strength of the residents’ resistance, and the entire risk costs taken by the government.According to Proposition 1, in selecting strategies for local governments, the government prefers to choose the negotiation strategy if the proportion of compensation and the total costs of compensation are too high. On the contrary, the government will adopt a compensation strategy once have the higher costs of the negotiation, the greater residents’ resistance, and the more raised risk costs needed to afford by the government.
Proposition 2. The willingness of the public to choose cooperative participation will significantly increase the probability that the government adopts a negotiation strategy.According to Proposition 2, the more intense willingness of the public to choose cooperative participation, the higher the acceptance rate they have for the NIMBY decision-making. Consequently, the resistant effects derived from the public are more weakening, thereby facilitating the government adopting the negotiation strategies. On the contrary, the government is more inclined to choose compensation strategies.Proofs for Proposition 1 and Proposition 2 are in the supplementary material.
3.2 Analysis on the evolutionary stability strategy point of the local government
[image: image] is the average income of the construction enterprises with consideration of the public appeals in the game, [image: image] is the average income without consideration of the public appeals, [image: image] is the overall average income. [image: image], [image: image], and [image: image] can be expressed as
[image: image]
[image: image]
[image: image]
According to (7), 8) and (9), the replicator dynamics equation of the construction enterprises strategy selection can be written as
[image: image]
Then, the first derivative of the replicator dynamics equation can be calculated as follow:ik
[image: image]
Let [image: image], according to the stability theorem of replicator dynamics equations and the principle of evolutionary stability strategy, when [image: image] in formula (10) and [image: image] in formula (11), the probability of the construction enterprises strategy selection reaches the evolutionary stability point. [image: image] is a subtractive function about [image: image], so when [image: image], obtaining [image: image], then [image: image] and [image: image], so all the [image: image] is the evolutionarily stable strategy point, which means the construction enterprises choose to consider or do not consider the public appeals all is its optimal strategy choice. When [image: image], [image: image], obtaining [image: image], then [image: image] is an evolutionarily stable strategy point of the construction enterprises. On the contrary, when [image: image], then [image: image] is an evolutionarily stable strategy point. The dynamic phase diagram of stability evolution replication for construction enterprise’s strategy selection is shown in Figure 1B.
Based on Figure 1B, the cross-section is over the point [image: image], [image: image] is the volume of [image: image], which presents the probability of the construction enterprises choosing the strategy with consideration of public appeals. Similarly, [image: image] refers to the probability of strategy without consideration of public appeals. [image: image] and [image: image] can be calculated as
[image: image]
[image: image]
As a result of 12 and 13, we can derive the following propositions.
Proposition 3. The probability that construction enterprises choose to consider public demands is positively correlated with tax revenue and the taxation index of local governments when enterprises do not consider public demands. On the contrary, it is negatively correlated with enterprise extra income, the degree of civil resistance and local government’s taxation index when enterprises consider public demands.According to Proposition 3, on the one hand, the government can increase the tax collection of the construction enterprises to guide the enterprises to adopt the strategy considering public appeals. On the other hand, the increase of the extra benefits that the construction enterprises obtain when they ignore the public appeals will significantly increase their willingness to choose the strategy of disregarding public appeals. Meanwhile, the reduction in the intensity of the surrounding public’s resistance will enhance the willingness of the construction enterprises to adopt the strategy considering public appeals. Hence, the government can set up a reasonable reward and punishment mechanism to reduce the expectations of residents who are seeking increasing extra benefits in the NIMBY conflicts by resistant participation. Moreover, the mechanism could also enhance the willingness of the enterprises to consider the public appeals in the construction and production, thereby promoting the cooperation between the public and enterprise.
Proposition 4. During the evolution process, there has decreased probability of the construction enterprises choosing the strategy considering the public appeals with the increase in the probability of the surrounding public choosing cooperative participation.Collectively, Proposition 4 shows that the enterprises’ strategy to consider public appeals is negatively related to the public’s probability for cooperative participation. With the increase of the probability that the residents choose cooperative participation, companies may engage in speculative behavior that does not consider the public appeals due to no reputation loss-costs. On the contrary, companies tend to adopt a stabilizing strategy that considers public appeals. To avoid the occurrence of enterprise speculation, on the one hand, the public should selectively adjust their participation strategies, and on the other hand, enterprises should promote cooperation with minimal investment.In the supplementary material, proofs for Proposition 3 and Proposition 4 are provided.
3.3 Analysis on the evolutionary stability strategy point of the local government
[image: image] are the average benefits of the surrounding public with cooperative participation in the game, [image: image] are the average benefits of the public’s strategy with resistant participation, [image: image] are the overall average benefits. [image: image] and [image: image] can be expressed as
[image: image]
[image: image]
From 14 and 15, we can derive the following expression for [image: image].
[image: image]
Similarly, the replicator dynamics equation and its derivative of the surrounding public strategy selection can be written as
[image: image]
[image: image]
Also, let [image: image]. According to the stability theorem of replicator dynamics equations and the principle of evolutionary stability strategy, when [image: image] in formula (17) and [image: image] in formula (18), the probability of the surrounding public strategy selection reaches the evolutionary stability point. Since [image: image] is an increasing function about [image: image], so when [image: image], obtaining [image: image], then [image: image] and [image: image], so all the [image: image] is the evolutionarily stable strategy point, which means the surrounding public chooses the cooperative or resistant participation all is their optimal strategy choice. When [image: image], [image: image], obtaining [image: image], then [image: image] is an evolutionarily stable strategy point of the construction enterprises. On the contrary, when [image: image], then [image: image] is an evolutionarily stable strategy point. The dynamic phase diagram of stability evolution replication for the surrounding public’s strategy selection is shown in Figure 1C.
Based on Figure 1C, [image: image] is the volume of [image: image], which means the probability of the surrounding public choosing the cooperative participation strategy. Similarly, [image: image] refers to the probability of adopting the resistant participation strategy. [image: image] and [image: image] can be calculated as
[image: image]
[image: image]
According to 19 and 20, we can get the following propositions.
Proposition 5. The probability that the surrounding public chooses the cooperative participation strategy is positively correlated with the extra cooperation-derived benefits that the public obtains when the construction enterprises consider the public appeals. In addition, it is also positively associated with the proportion and amount of compensation by the local government and the total cost taken by residents to opposite the enterprise’s strategy. Meanwhile, the probability of the public’s cooperative participation is reversely linked with the extra benefits and the intensity of the public’s resistance. Besides, it is also negatively connected with the residents’ resistance-derived benefits when the local government adopts a negotiation strategy, as well as the total cost taken by residents to opposite the government’s strategy.In summary, Proposition 5 shows that the probability of whether the public adopts a cooperative participation strategy in the game for NIMBY conflicts is affected by several factors. Briefly, the public is more likely to choose a cooperative participation strategy when they obtain more cooperative benefits and compensation, as well as the higher resistance costs. In other words, higher external compensation can promote public cooperation and participation.
Proposition 6. During the evolution process, the surrounding residents have an extended probability of choosing cooperative participation strategies with the increase of the probability that local governments adopt compensation strategies and the construction companies choose strategies to consider public appeals.In conclusion, Proposition 6 shows that as the local government adopts compensation strategies and the construction enterprises choose the strategies considering the public appeals, the surrounding public is more willing to prefer cooperative participation as a stable strategy. On the contrary, the surrounding residents are more inclined to choose a resistant participation strategy.The detailed proof procedures for Proposition 5 and Proposition 6 are in the supplementary material.
3.4 Analysis on the evolutionary stability strategy point of the local government
Let [image: image], the partial equilibrium point can be obtained as [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image]. The Jacobian matrix of the three-party evolutionary game model is
[image: image]
with
[image: image]
According to the method proposed by Friedman, the evolutionary stability strategy (ESS) of the differential equation can be obtained by analyzing the local stability of the Jacobi matrix of the system. According to the evolutionary game theory, the equilibrium point that meets all the eigenvalues ​​of the Jacobi matrix with ​​non-timing is the evolutionary stable point (ESS) of the system. We bring each equilibrium point [image: image] into the Jacobi matrix (21), and the eigenvalues of the Jacobi matrix can be obtained, as shown in Table 2.
TABLE 2 | The eigenvalues of Jacobian matrix.
[image: Table 2]In the present study, we focus on how to effectively increase the probability that construction companies adopt the strategies considering public appeals and cooperative participation by the surrounding public when the local government performs a negotiation strategy in the game for NIMBY conflicts. Therefore, the equilibrium point [image: image] is the principal one we focus on. If the [image: image] is the ESS of the model, it needs to meet the equilibrium conditions simultaneously:
[image: image]
Simplify the above conditions to get [image: image], [image: image] and [image: image]. When the surrounding residents choose the strategy with cooperative participation in the game, the benefits of local governments adopting the negotiation strategy are greater than the benefits of choosing compensation strategies, the benefits of construction companies choosing the strategies considering the public appeals are greater than the benefits of ignoring the public appeals strategies. Whereas the local government adopts the negotiation strategies, the benefits of the surrounding public choosing the cooperative participation strategies are greater than the benefits of resistant participation strategies.
Next, we try to analyze the stability of each equilibrium point in three cases, as shown in Table 3.
TABLE 3 | The local stability of equilibrium point.
[image: Table 3]Case 1. When [image: image], [image: image], [image: image], based on the Table 3, [image: image] is the only stable equilibrium point of the model.Accordingly, when the construction enterprises ignore the public appeals, the benefits of the surrounding residents choosing the cooperative participation strategy are less than the benefits of choosing the resistant participation. Meanwhile, when the local government adopts the compensation strategies and the construction enterprises choose the strategies considering the public appeals, the benefits of the surrounding residents choosing the cooperative participation strategy outweigh the benefits of choosing the resistant participation. When the above conditions are met, according to the different initial points of the tripartite strategy selection, the evolution of the strategic combination is stable at the point (negotiation, consideration of public appeals, and cooperative participation).
Case 2. When [image: image], [image: image], [image: image], based on the Table 3, [image: image] is the only stable equilibrium point of the model.In this case, when the construction companies adopt the strategies without consideration of the public appeals, the residents’ benefits of the cooperative participation strategy outweigh the benefits of resistant participation. Similarly, when the strategies for compensation and considering the public appeals are adopted by the local government and construction companies, respectively, the benefits of the surrounding residents performing the cooperative participation strategy outweigh the benefits of choosing the resistant participation. Consistently, when the above conditions are satisfied, the evolution of the strategic combination is stable at the point (negotiation, consideration of public appeals, and cooperative participation).
Case 3. When [image: image], [image: image], [image: image], based on the Table 3, [image: image] and [image: image] are the stable equilibrium point of the model.Correspondingly, when the construction enterprises adopt the strategies ignoring the public appeals, the benefits of the surrounding public choosing the cooperative participation strategy outweigh the benefits of choosing the resistant participation. In addition, whereas the local government adopts the compensation strategies and the construction companies perform the strategies considering the public appeals, the residents’ benefits of the cooperative participation strategy are less than resistant participation. Suppose the above conditions are met, according to the different initial points of the tripartite strategy selection, the evolution of the strategic combination is stable at the first point (negotiation, consideration of public appeals, and cooperative participation) and the second point (compensation, consideration of public appeals, and resistant participation).
4 NUMERICAL SIMULATION
To verify the effectiveness of the model evolution analysis, we made practical assignments to each parameter and used MATLAB R2020a for numerical simulation. Let [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], which met the conditions of Case 1. Then, we analyzed the influence of [image: image] , [image: image], [image: image], and [image: image] on the evolution process separately.
Firstly, we analyzed the influence of different resistance levels on the evolutionary game process and results. Let [image: image], respectively, the number of iterations was set to 50 and the simulation results of replicating the dynamic equations were shown in Figure 2A. Our results displayed that with the increased levels of resistance by the public, the probability of local governments choosing negotiation strategies was elevating.
[image: Figure 2]FIGURE 2 | (A) Simulation results when [image: image]. Figure 2. (B) Simulation results when [image: image].
We next set out to investigate the effects of compensation on the game results, let [image: image], the simulation results were shown in Figure 2B. According to the results, as compensation grows, it can accelerate the evolution of the stable choice of cooperative participation by the surrounding public.
Thirdly, let [image: image] and set the number of iterations to 50, the simulation results were shown in Figure 3A. Meanwhile, let [image: image] and as shown in Figure 3B. The results demonstrated that with construction companies reducing their taxation intensity when considering public appeals and increasing their taxation intensity when construction companies ignore public appeals, the rate of evolution for construction enterprises to determine the stable strategy, that is considering the public appeals, would expand. Consequently, the local government should reduce the taxation intensity of construction enterprises when they consider the public appeals and increase the taxation intensity of construction enterprises when they ignore the public appeals, thereby facilitating the determination of the strategy by construction enterprises to consider the public appeals.
[image: Figure 3]FIGURE 3 | (A) Simulation results when [image: image] = 0.1,0.30.5. Figure 3. (B) Simulation results when [image: image].
For further analysis, let [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], which met the conditions of Case 2.
Based on the Figure 4A, when let [image: image], the results showed that with the expansion of the total costs for negotiation, the rate of evolution for the local government to determine the stable negotiation strategy would decline. Thus, the local government should consider how to reduce the costs of negotiation in the game.
[image: Figure 4]FIGURE 4 | (A) Simulation results when [image: image] = 5,8,12. Figure 4. (B) Simulation results when [image: image].
Then, when [image: image], as shown in Figure 4B, the simulation results revealed that with the growth of the public’s extra benefits for cooperative participation, the strategic combination is stable from the sub-optimal point (compensation, consideration of public appeals, and resistant participation) evolved into the most optimal point (negotiation, consideration of public appeals, and cooperative participation). Hence, the local government and the construction enterprises should appropriately increase the public’s extra benefits to facilitate the public to participate cooperatively in the NIMBY conflicts while avoiding the occurrence of unfavorable stable points.
Finally, as shown in Figure 5, we started simulating using the two assignments arrays from different strategic points and set the number of iterations to 50. Our results displayed an evolutionarily stable strategy combination in the tripartite evolution system (Figure 5A), which consisted of the negotiation strategy of local government, consideration of public appeals by enterprises, and cooperative participation of the surrounding residents. Moreover, from the Figure 5B, the evolutionary game model has two stable equilibrium points, the first one is [image: image], which refers to the strategic combination (negotiation, consideration of public appeals, and cooperative participation), and another one is [image: image], which represents the strategic combination (compensation, consideration of public appeals, and resistant participation).
[image: Figure 5]FIGURE 5 | (A) The result of 50 simulations of array 1. Figure 5. (B) The result of 50 simulations of array 2.
5 CONCLUSION
Based on evolutionary game theory, this paper constructs a tripartite evolutionary game model of the government, construction enterprises and the surrounding residents, and considers the influence parameters such as the degree of government compensation, the corporate taxation index and the degree of civil resistance. Then, the article focuses on the evolutionary stability of game tripartite strategies under the three scenarios, concluding (government’s negotiation strategy, enterprise considering people’s requests, people’s cooperative participation) as the ideal evolutionary stable strategy. Based on numerical analysis, we conduct further simulation experiments to verify the main factors influencing the evolution of participant behavior strategies, and preliminarily explored the effectiveness of common policy tools in NIMBY conflicts.
5.1 Research conclusion
Firstly, the government should set a reasonable fiscal subsidies and taxation index, to ensure that the sum of profits of enterprises considering the public demands and people’s cooperative participation is greater than the sum of profits of enterprises ignoring the public demands and people’s opposition of NIMBY facilities, promoting the formation of the ideal evolutionary stable strategy, which is (government’s negotiation strategy, enterprise considering people’s requests, people’s cooperative participation). Secondly, with the improvement of the government’s economic compensation to the public, it plays a positive role in promoting the behavior strategy of people’s cooperative participation. Furthermore, the total amount of compensation provided by the government and the amount of additional incremental benefits when people choosing cooperative participation are also affecting people’s choice of behavioral strategies. At the same time, with the increase of the cost of government negotiation, the evolution speed of the behavioral strategy of people’s cooperative participation slows down. Thirdly, the taxation index plays an important role in the choice of enterprise behavior strategy. With the change of taxation index under different behavior strategies of enterprises, that is, reducing the taxation index when considering public demands and increasing the taxation index when ignoring the public demands, the evolution speed of enterprises choosing to consider public demands will increase. Therefore, local governments can actively guide enterprises to consider public appeal strategies by adjusting the taxation index. Moreover, it is also an effective way to improve the probability of enterprises considering public demands by increasing enterprises’ additional income and reducing the negotiation cost.
5.2 Policy enlightenment
Collectively, based on our results, we summarized the following policy recommendations. 1) As the main body of supervision for the construction of NIMBY facilities, on the one hand, the government should change corresponding coping methods and governance concepts, and change the concept of “stability maintenance and control” in the traditional governance mode into the concept of “multiple participation” in the consultative governance mode. On the other hand, the government should design diversified compensation schemes, bring the consideration of reducing the cost of negotiation into the policy design process, set up special funds for NIMBY issue, reduce the participation cost of stakeholders, and enhance the enthusiasm of the public for institutionalized participation with financial incentive measures. 2) As the contractor and operator of NIMBY facilities, enterprises must assume the social responsibility of safety maintenance and environmental protection, put public demands first and get rid of the wrong orientation of one-sided pursuit of economic interests. On the one hand, enterprises should establish a conflict coordination mechanism, introduce third-party regulatory agencies, strengthen the integration of corporate responsibility subjects, so as to establish a complete joint regulatory coordination mechanism. On the other hand, the enterprise side should improve the technical level of project selection and construction, and at the same time break down the “information gap”, “data barrier” and other problems, so as to ensure the feedback and accessibility of information sharing. 3) As the main undertaker of NIMBY environmental conflicts, the public should, on the one hand, eliminate their own prejudices and thinking patterns, establish an open, compatible and cooperative cognitive attitude, avoid extensive, subjective and emotional participation, and improve their own cognitive concepts and thinking ability. On the other hand, they should express their interests reasonably and legally, improve their governance ability to solve environmental conflicts, and realize the organic unity between people’s environmental rights and environmental responsibilities, as well as the effectiveness of procedures and substantive effectiveness.
5.3 Research limitations and future issues
However, there are some limitations and deficiencies we need to acknowledge. First of all, the game model constructed for NIMBY conflicts is not comprehensive enough. Because environmental NIMBY conflict is a complex system with multiple subjects interacting with each other, only studying the three-party game relationship is easy to leads to incomplete research results. Future studies must place non-governmental organizations, social media, experts, and other participants in a unified analytical framework, to analyze the dynamic evolution process of different participants’ strategic choices more comprehensively and completely. Secondly, this study has not discussed NIMBY dilemma deeply enough. We attempted to introduce the degree of government compensation, the corporate taxation index and the degree of civil resistance, and discuss the influence of the change in their value range on the behavioral strategies of stakeholders. However, the interfering factors in the actual strategy selection are bound to be more complex, which leads to the limitations of the conclusions drawn in this study. The relevant parameters still need to be further comprehensively investigated on this basis in the future studies, and conducted multi-level comparative studies on different types of NIMBY facilities, to accurately implement classified policies. Thirdly, the selection of research methods needs to be improved. Based on game theory, this study explores the influencing factors and selection mechanism of stakeholder behavioral strategies in environmental NIMBY conflicts, and the research conclusion is only derived from mathematical model analysis. Therefore, more empirical studies and relevant data are needed in the future study. We will conduct further research to address the gaps mentioned above in the future.
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The climate problem is severe and many urban climates are poor. To deal with a series of climate problems, low-carbon measures are indispensable. Digital development is becoming a new driving force for social development. Therefore, the development of urban low-carbon transformation should be based on digital construction. This paper explores the significance and theoretical mechanism of the research of the mechanism of digitalization boosting urban low-carbon transition. Theoretically, digitalization can reduce carbon emissions through mechanisms such as optimizing industrial structure, adjusting energy structure, improving government governance efficiency, and changing people’s way of production and life. Finally, from the perspective of carbon neutrality, this paper puts forward relevant countermeasures, from the following six aspects: building a carbon emission measurement and monitoring system, promoting the digital transformation of enterprises, increasing the research and development of new energy technologies, improving the carbon emission market trading system, optimizing the carbon emission administrative management system, and practicing the low-carbon concept.
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1 INTRODUCTION
Cities play a pivotal role in economic and social development, and are centers of human life and production. More than half of the world’s population lives in cities. However, the uncontrolled expansion of urbanization has also led to high energy consumption and the exponential growth of greenhouse gas emissions, which poses huge environmental and climate risks to society (Ding and Li, 2017; Sun et al., 2020). The greenhouse effect is caused by CO2 emissions (Alvarado et al., 2021; Ahmad et al., 2021b). The main reasons for the increase in greenhouse gases are economic growth and the burning of fossil fuels, such as coal, gasoline, and natural gas (Işık et al., 2021a). In the twenty-first century, with the continuous advancement of industrialization and urbanization in China, rapid economic growth, continuous improvement of social productivity, and energy consumption emit a large amount of carbon dioxide (Wang et al., 2019; Wang et al., 2020). The resulting ecological problems have caused immeasurable economic losses (Deng et al., 2019; Li Z et al., 2021; Jia et al., 2022). Therefore, there is an urgent need for urban low-carbon transformation. The concept of the low-carbon economy comes into being in the context of climate concern.
The formation and connotation of low-carbon cities are shown in Figure 1. The development of a low-carbon economy is also a global initiative (Tang and Tian, 2022). The Low Carbon Competitiveness Report of G20 Countries (2009) defines a low-carbon economy as an economic form with a certain level of carbon productivity and sustainable development, which is characterized by low energy consumption, low pollution, low emissions and environmental friendliness, as well as a global common vision of controlling greenhouse gas emissions and developing social economy (Lu and Zhu, 2013). As early as 2005, China started to study low-carbon economy (Zhuang, 2005; Zhuang, 2007; Fu and Liu,2010).They have taken the lead from the form of development, development mode, development process and other aspects of low-carbon economy. Pan et al. (2010) believe that the low-carbon economy has three core characteristics, namely: low-carbon emission, high carbon productivity, and stage.
[image: Figure 1]FIGURE 1 | The formation and connotation of a low-carbon city. Source: According to the literature of Cheng et al. (2012).
The essence of low-carbon economy is the efficient use of energy and the development of clean energy. Its core is technological and institutional innovation, with the goal of controlling greenhouse gas emissions and promoting sustainable human development (e.g., Yang, 2012; Xie et al., 2017; Zhong, 2018). In recent years, more and more scholars have joined the research of low-carbon and sustainable development. Işık et al. (2021b) investigate the validity of the environmental Kuznets curve (henceforth, EKC) hypothesis for eight OECD countries. Fatima et al. (2022) believe that the use of energy can be reduced by adopting environmentally friendly technologies. Ahmad et al. (2021a) studied the long-term and short-term heterogeneous links among urban concentration, non-renewable energy use intensity, economic development, and environmental emission index at the regional development level of 31 provinces in China. Ișik et al. (2020) discusses the relationships among tourism income, renewable energy consumption, and CO2 emissions. Işık et al. (2022) studied the environmental Kuznets curve (EKC), and found that policy makers in the US states can determine and adjust their gold spending levels to prevent environmental degradation and GDP decline.
Governments around the world have been racing to translate the development of low-carbon economy from idea into practice. The European Union has taken the lead in developing a number of low-carbon policies to change the traditional lifestyle of their residents (Government, 2009; Dagoumas and Barker, 2010; Hughes and Strachan, 2010). The United States pays more attention to technological innovation to solve environmental problems. Meanwhile, Japan is rapidly developing high technology and applying it to clean energy (Strachan et al., 2008; “2050 Japan Low-Carbon Society project team, 2008).
As for the reasons for the development of low-carbon economy, first, Huang (2009) believed that China is currently in the process of rapid industrialization and urbanization, and the consumption of energy and resources will increase significantly with industrial growth. Second, from the perspective of international politics, with the rise of China, the international community is also asking China to commit to more greenhouse gas emission reduction obligations. Third, the low-carbon industry represented by new energy and renewable energy is a sunrise industry with infinite potential. Fu et al. (2008) pointed out that China is faced with great pressure to reduce greenhouse gas emissions, China’s energy security is facing serious threats, and China’s resources are overused and ecological environment deteriorates. Feng (2009) believes that the development of a low-carbon economy not only needs China to change the development mode but also adjust the industrial structure, improve the efficiency of resources and energy use, and protect the ecological environment.
The rapid development of digital technology provides an important way toward the low-carbon transformation of Chinese cities. Digital technologies and the digital economy permeate many areas of energy systems and economic development, reshaping business and operating models, and disrupting almost every industry (Gómez-Barroso and Marbán-Flores, 2020; Li D et al., 2021). With the advent of the digital era, the world has experienced an unprecedented digitalization process, and the digital economy and digital transformation have steadily been growing (Pan et al., 2022). As an intangible asset, the digital economy has positive externalities, which can reduce information frictions, optimize the matching of supply and demand, generate significant value, and are almost cost-free (Spence, 2021). The current situation of China’s digital economy is shown in Figures 2, 3. It can be seen in these figures that digital technology is deeply integrated with key areas of carbon emissions (e.g., energy and power, industry, transportation, and buildings) to effectively improve the efficiency of energy and resource use, reduce carbon dioxide emissions, and realize the low-carbon transformation of cities.
[image: Figure 2]FIGURE 2 | Share of digital economy in GDP. Data source: China Academy of Information and Communication Technology.
[image: Figure 3]FIGURE 3 | Penetration rate of China’s digital economy. Data source: China Academy of Information and Communication Technology.
The digital economy itself is low-carbon, and its impact on the low-carbon transformation and development of cities is obvious (Xu et al., 2019). For the role of digitalization on urban low-carbon transformation, the literature mainly focuses on the impact and path research of digital technology on urban low-carbon industry development, urban spatial layout, and enterprise green development, while few studies focus on the internal mechanism of digitalization on urban low-carbon transformation and development. Therefore, this paper will discuss the significance and theoretical mechanism of digital technology in an urban low-carbon environment, and finally puts forward relevant countermeasures of digital technology in urban low-carbon transformation.
2 THEORETICAL MECHANISM
2.1 Urban low-carbon transformation is the only way toward urban sustainable development
China has transferred from the high-speed development stage to a high-quality development stage. In the new development stage, economic indicators are no longer solely pursued but sustainability, innovation, equilibrium and competitiveness of economic development are given more emphasis (Li et al., 2019). The development of a low-carbon economy can help China’s high-quality development from many aspects. First, it helps to optimize the industrial structure. For high energy consumption, high pollution enterprises were an important force to support the rapid economic growth in the preliminary period. However, China has entered the period of high-quality development and the high enterprise green and low-carbon transition has become key to China’s economic development and transformation. The development of the low-carbon economy can promote the upgrading of consumption to green products and the greening of the supply chain, and then promote the transformation of enterprises to green and low-carbon, eliminate industries with backward production capacity and serious pollution, and realize the optimization of China’s industrial structure. Second, it helps to optimize the energy structure (Liu, 2018). At present, the energy structure of China is still mainly based on fossil energy. However, CO2 and other greenhouse gases produced in the use of fossil energy can seriously damage the climate and environment, which threatens human survival, is not conducive to sustainable development, and goes against the concept of high-quality development. The development of the low-carbon economy is conducive to improving the proportion of clean energy and energy utilization, optimizing the energy structure, and promoting high-quality development. Third, it will help to enhance China’s international influence and competitiveness. At present, the climate and environment are deteriorating, and fossil energy is increasingly scarce. Consequently, sustainable development has become a global concern. The development of a low-carbon economy is helpful to protect the climate and solve the energy crisis. From the perspective of a common community of human destiny, developing a low-carbon economy reflects the responsibility that is borne by China and shows how it can win a better international reputation, and also promote its international influence and competitiveness.
2.2 Theoretical mechanism of digital development for urban low-carbon transformation and development
In this part, we will study the digital urban low-carbon transformation and development mechanism in four categories: industrial structure upgrading and optimization, energy structure, government governance, and production and lifestyle.
2.2.1 Upgrading and optimizing the industrial structure
Digital technology can promote technological innovation (Qi and Xu, 2020), promote industrial upgrading and new energy development, and then reduce carbon emissions. The proportion of the tertiary industry is an important indicator of a city’s low-carbon transformation. The development of digital technology can give rise to new industry that provides more opportunities and information services. In addition, the development of the digital city is beneficial to digital data information collection, it can also accelerate industry and improve of the promotion of information technology, information equipment, and all kinds of information service industrialization. From the perspective of long-term development, digitalization reduces transaction costs. Enterprises use digital technology throughout the entire production process, which helps to improve the efficiency of resource allocation and labor productivity of enterprises; drives the transformation of business, organization, and business model with data; and promotes a more detailed division of labor. Digitalization has promoted scientific and technological innovation, deepened the integration of information technology and industrialization, spawned new production factors, enabled productivity, production relations, transformation and upgrading of organizational models, and helped to upgrade the industrial structure. From the perspective of production factors, in the digital era, data (as digital knowledge and information) has become a new production factor, and many new digital industries have been formed with the help of digital technology. From the perspective of productivity, the productive forces of social development are gradually shifting from steam, electricity, and information, to computing power in the digital era. This plays an important role in promoting the digital transformation and upgrading of industries. From the perspective of the production relations, “big data + traditional industry” can provide an opportunity to transform and upgrade business; foster digital technology innovation and traditional industry depth fusion; foster intelligent transformation to promote the traditional mode of production; setup big data analysis based on cloud computing and the Internet of Things cloud platform; can let each system and each business link with all kinds of digital equipment through information data connectivity; and through the production process, it can improve the overall production efficiency and product pass rate. In the process of industrial structure transformation and upgrading, enterprises continue to optimize the allocation of resources in various industries through scientific and technological innovation. Enterprises can upgrade their industrial structure, mainly by optimizing production and consumption. For production, digital technology has disrupted and innovated traditional industries, and accelerated the integration of resources in the upstream and downstream of the industrial chain. For consumption, digitalization promotes the change of social consumption structure and consumption quality. Industrial structure is increasingly advanced through the emergence of new scenes of digital consumption to stimulate consumption potential to meet consumer demand.
2.2.2 Energy structure
From the perspective of energy structure, digital development can drive the transformation of energy structure to a low-carbon environment from the following three aspects. First, it can promote the change of energy production structure. The digital empowered energy production process is conducive to the upgrading of the production management system of energy enterprises and the intelligent transformation to realize the recycling of energy and improve the utilization efficiency of energy. Second, it can promote the optimization of the energy consumption structure. Digital enterprises can help other industries to reduce their energy consumption through digital technologies. Digital development is also changing the way in which we produce and live, driving the “virtualization” and “dematerialization” of economic activities, and minimizing urban greenhouse gas emissions (Pradhan et al., 2020). Third, it can accelerate the development of new energy sources. Research of the key emission reduction technologies has been continuously deepened, including cleaner energy structure and high energy use. Through digital technology, more new energy will replace traditional fossil energy, the consumption structure of energy will be further optimized, and carbon emissions and environmental pollution will be alleviated. For traditional energy sources, digital technology can improve the efficiency of energy supply, while for clean energy sources digital technology is helpful to solve the problem of the stability and absorption of clean energy. Therefore, digital technology is needed to help build an efficient, safe, clean, and low-carbon energy system; promote the deep integration of modern information, new materials, and advanced manufacturing technology with energy technology; and accelerate the low-carbon transformation of production and lifestyle. Digital technology can also monitor and optimize energy consumption and equipment operation. Carbon footprint analysis and tracking technology for various products, and supply and demand are built on the basis of the full life cycle analysis model, which can improve the efficiency of resource and energy use throughout the process. At the same time, the enterprise industrial Internet platform can realize multi-place collaborative management and control; improve the utilization efficiency of energy resources from the inside of the industry; build a safe, efficient, clean, and low-carbon energy system; and accelerate the realization of low-carbon changes in production and lifestyle.
2.2.3 Government and governance
The government utilizes the ever-evolving digital technology to give full play to the value of data for society, the market, and itself. Compared with the previous government operation form, the most direct feature of the digital government lies in the extensive application of digital technology, the opening of various system connection channels, and continuous data fusion to replace the previous manual operation, and thus improve the ability of the public sector to take advantage of data and information. Any organization that uses digital technology can make data serve us better. The ability of public organizations to exert the value of data and information is manifested in decision-making, management, evaluation, service, supervision, mobilization, certification, and many other aspects, which are not only for public institutions themselves but also for the market and society as a whole. For example, for public institutions, the ability to use big data can promote scientific decision-making and evaluation, through the examination and approval, registration or direct docking enterprise platform system to the market main body and the regulation of the market activity ability, to establish public data resources assigned to open platform for the market, through the health code and data sharing to provide certification standards, through the network transmission core values to realize the mobilization capacity of social governance.
Digital technology also empowers government governance, which can be summarized in four aspects. The first aspect is the digital “collaboration” of the subject, which means that the mutually dependent subject and object cooperate and govern each other based on the shared information channel, “let the data run more” and “open up” the internal and external relations of the organization with technology. The second aspect is the digital “reconstruction” of the organization, which is reflected in the optimization and reorganization of information architecture, business process and responsibility system to realize the transformation from organization digitalization to digital organization. The third aspect is the digital “connection” of tools (i.e., the construction of communication infrastructure) to realize the mutual connection between the subject and object of government governance, and build a huge information channel covering the whole country, which is the foundation of realizing digital government. The fourth aspect is to digitally “empower” business; that is, the public sector can use information technology to improve its ability to deal with business problems and achieve policy goals, mainly reflected in the information system supporting public services and administrative management for various industries. The digitization of subject, organization, tool, and business covers different aspects of the construction of digital government. However, it is not a mutual substitution relationship. It is the stage of gradual progress from the macro point of view, and the framework guide of its construction from the micro point of view.
2.2.4 Way of life
To put it simply, digitalization changes people’s way of life, including eating, shopping, consumption, leisure and entertainment, interests and hobbies, attitudes and concepts, personality characteristics and other aspects. Digitization makes our life more convenient and intelligent. A mobile phone, and the Internet, can solve the problems of finding food, clothing, shelter, and transportation. Such as daily use of takeout food, scanning code cycling, scanning code payment, online shopping platform, online classes, online office, video conferences, and so on. Offline resources are uploaded to the cloud to realize resource communication and information sharing. A large number of resources have been stored in the cloud. Books that used to be purchased in bookstores can now be viewed online. Information can also be conveniently found on the Internet. The new generation of information technology and the sharing of educational resources have also changed teaching methods. During the COVID-19 pandemic, students were able to continue their studies online, and could also interact with teachers and other students through videos even in isolation, which not only achieves the goal of epidemic prevention but also improves learning efficiency. Digitization improves efficiency and reduces manpower in many areas, such as navigation, transportation, medical services, education, agriculture, tourism, online registration, scanning codes to pick a meal, save customers’ time waiting in line and also save the work of the service personnel. In addition, face recognition, fingerprint matching, DNA matching and so on can effectively improve the work efficiency of all walks of life. The deep integration of the digital economy and traditional economy has resulted in a series of new businesses, such as online car hailing, bike-sharing, food delivery and online education. With the emergence of a large number of new forms of business and new models, the integration of online and offline is deepening. Digital development plays an important role in promoting employment and also helps cities in their low-carbon transformation.
3 COUNTERMEASURES FOR DIGITALIZATION TO BOOST URBAN LOW-CARBON TRANSFORMATION
In this part, through reading a large number of literature and data analysis, we will put forward the countermeasures of digitalization on urban low-carbon transformation and development.
3.1 Build a carbon emission measurement and monitoring system
An efficient and accurate carbon emission measurement and monitoring system is an important guarantee for realizing low-carbon cities. For China, it is necessary to timely and accurately grasp the carbon emission level of economic activities in various sectors and also measure the carbon absorption capacity of the natural environment. For micro enterprises, only by fully understanding the carbon emissions of each link can they adjust and optimize the production process in time and carry out carbon emission reduction. Using big data technology to obtain massive and multiple types of data through multiple channels can help us to comprehensively analyze carbon emissions, effectively overcome the defects of traditional measurement methods, and accurately measure carbon emissions and carbon absorption level. First, it can establish carbon measurement and monitoring, shorten the period of econometric analysis in real-time, improve the efficiency of econometric analysis and form a dynamic feedback, trace the energy-intensive link in the process of production and track energy-intensive sectors of the economy, help the enterprise production management change in a timely manner, and help government departments to produce a planning guide in a timely manner. Second, the investment of deep learning algorithm should be increased to explore the common characteristics of carbon emissions, and the characteristics of departments and regions to help government departments grasp the characteristics of carbon emissions from a global perspective, which is conducive to the government’s macro-control and the formulation of a carbon emission reduction strategy that not only integrates the overall situation but also takes into account the differences between departments and regions. Third, the carbon emission trend simulation and prediction system can be constructed to effectively simulate the carbon emissions of various regions and economic sectors under different technological conditions and different policy environments, and realize the effective prediction of the carbon emission trend.
3.2 Promote the digital transformation of enterprises
Reducing energy consumption and practicing the concept of green development are the core approaches to realize urban low-carbon transformation. For the production sector, enterprises should reduce consumption and improve efficiency, actively carry out green transformation, and realize low-carbon production; As far as consumer departments are concerned, residents should strengthen their awareness of environmental protection and practice the concept of living a green life. Digital technology can promote the green transformation of enterprises and lead to a green life in many aspects.
First, with the help of digital technology to promote the green and lean production mode of enterprises. In product research and development, virtual simulation and big data technology are used to reduce energy and material loss, and improve research and development efficiency. In the supply of raw materials, the Internet of Things, big data, artificial intelligence, and other technologies can help to realize the digitalization of the supply chain, shorten the supply cycle of raw materials, reduce the procurement and storage costs of enterprises, and effectively reduce unnecessary energy consumption. In the process of manufacturing, digital technology can monitor the energy consumption of the production process in real time and optimize the production process. In product sales, technologies such as big data and artificial intelligence can reduce the cost of customer search and matching, and reduce energy consumption. Digital technology can promote the precise coordination of the whole process of research and development, procurement, production, and sales; strengthen the sharing and utilization of production factors; optimize the allocation of production resources; and improve the efficiency of green manufacturing.
Second, digital technology can help to promote the green and intelligent energy management of enterprises. Due to the uncertainty of the production environment, a large amount of energy will be wasted every year because of the imbalance of energy scheduling. Based on big data and artificial intelligence technology, green data centers can be built to monitor the energy consumption and utilization of enterprises in real time, form timely feedback, and dynamically optimize energy allocation. At the same time, cloud computing, industrial Internet and other technologies will be used to help enterprises achieve shared energy management and promote the construction of a regional energy consumption monitoring system.
Third, digital technology can help to promote the green recycling of enterprise resources. Technologies such as the Internet of Things and big data help to carry out information collection, flow monitoring and data analysis of industrial wastes, optimize the way of recycling and utilization of industrial resources, promote the formation of a new mode of “Internet +” recycling and utilization, and finally realize resource recycling and implement green environmental protection and energy saving.
3.3 Increase research and development of new energy technologies
Reducing energy intensity is conducive to the sustainable use of non-renewable fossil energy, and is also one of the main strategies to cope with climate change and environmental deterioration (Zhou, et al., 2013). The Fourth Plenary Session of the 19th Central Committee of the Communist Party of China explicitly called for “advancing the energy revolution and building a clean, low-carbon, safe and efficient energy system.” In addition to adopting clean energy sources such as renewable energy and nuclear energy to reduce carbon emissions, new energy-saving technologies should be developed under our energy consumption system (which is currently dominated by coal). New energy technologies not only include the research and development and utilization of non-conventional energy sources (e.g., wind power, nuclear power, and solar energy, based on new materials and technologies) but also include the development and transformation of traditional conventional energy sources (e.g., coal, oil, and natural gas) by using new technologies and digital means.
3.4 Improve the carbon emission market trading system
The road to marketization is the only way to realize low-carbon cities. Carbon emission reduction and sustainable development are global tasks, and each country or region should bear the corresponding responsibilities. The marketization of carbon emission trading should not only guarantee green and low carbon but should also take into account the development needs of the global economy. Digital technology is expected to improve the existing market system.
Digital technologies such as the Internet of Things, blockchain, big data, artificial intelligence and satellite communication networks can promote the marketization of carbon emission rights. The basis of carbon emission trading is the certification of emission reduction. A data monitoring platform built with the help of the Internet of Things technology has high information transparency, high professional level, and can provide professional and accurate digital information, which greatly reduces the certification cost, transaction cost and violation cost in the process of carbon emission trading. On the one hand, the application of digital technology can encourage enterprises to actively participate in the market-based trading process of carbon emission rights. Real-time monitoring and early warning of AI technology can effectively avoid possible operational errors in the process of carbon emission rights trading. The use of technologies such as cloud storage protects law-abiding participants from the cost of violations. On the other hand, the application of digital technology can encourage countries that have not yet established carbon emission trading system to participate in global climate protection, constantly expand the scale of trading platform, realize the market-oriented operation of carbon finance with an excellent competition mechanism, and supply and demand mechanism, and promote the continuous improvement of carbon trading through market-oriented operation.
Digital technologies such as blockchain, satellite communication network, networked group control technology, and remote operation and maintenance service system can realize the interconnection between international carbon markets. The measurement unit of the international carbon market is tons of carbon dioxide equivalent (Zeng and Wan, 2009). Although the original unit is highly consistent, because of information asymmetry, carbon financial products are not standardized in carbon emissions and serious fracture phenomenon exists. The application of digital technology makes the flow of information smoother and more convenient, so that the formation of international market is no longer out of reach. Meanwhile, digital technologies such as Internet of Things and blockchain can collect global carbon emission information. In addition, digital technologies such as Weiluoxy group control technology, and remote operation and maintenance service systems can realize the centralized control of carbon trading market, and realize the marketization of carbon emission rights in the international market.
3.5 Optimize the carbon emission administrative management system
In addition to the “invisible hand” of the market, the “visible hand” of the government is also needed to promote the transformation of cities to a low-carbon environment. Because the carbon emission market is faced with negative externalities, incomplete information, and other problems, it may lead to market failure. However, digital technology can make the road of government administration smoother.
First, the administrative planning of carbon emission is facilitated by digital technology. Remote sensing technology, Internet of Things, blockchain and other digital technologies provide timely and accurate carbon emission data for the government to implement regulation. This helps the government to formulate detailed administrative plans, including emission reduction targets of governments at all levels, emission reduction support objects in key regions, emission reduction tasks of various enterprises, and so on. Finally, with the support of digital technology, carbon emission reduction will be realized by administrative means implemented layer by layer.
Second, digital technology can help the administration of carbon emissions. In the process of carbon emission management, big data technology can help the government to realize real-time monitoring and early warning, so as to avoid the active or passive excess emission of some subjects and aggravate the negative externality. The scheduling and management of carbon emission rights can also be implemented at the overall level according to the results of big data statistics and analysis, and it can be used as an effective supplement to market contracts to make up for the limitations of the road to marketization.
3.6 Practice the low-carbon concept
Green transportation is considered an effective way to reduce environmental degradation and improve human health (Yasir et al., 2022), with the help of digital technology to promote green consumption and build a low-carbon life system. Promoting green consumption is also crucial to urban low-carbon transition. Promoting the application of digital technologies and building a “digital plus” green consumption system will help to develop green consumption more accurately and efficiently.
First, we will promote the digital reform of the supply side of green consumption and expand the supply of green products, advocate and support enterprises to integrate digital technology into green product design, apply digital technology to green product certification, improve green product identification, and enrich the variety of green products.
Second, we should promote the concept of green consumption based on digital technology and create a green consumption atmosphere. Big data, cloud computing and other digital technologies are used to accurately match the consumer groups of green products, and short videos, WeChat media, and other platforms are used to strengthen the personalized and precise dissemination and promotion of green consumption.
Third, we should enrich green consumption scenarios based on green technology and optimize green consumption experience. Enterprises are encouraged to use digital technologies such as big data, the Internet of Things, and artificial intelligence to optimize the experience of green consumption scenarios based on personalized needs. For example, using artificial intelligence technology to improve shopping guidance, using facial recognition technology to optimize the transaction process, and enhancing the shopping experience through VR and Internet of Things technology.
4 CONCLUSION
With China’s transition and development, a low-carbon economy has become an important part of achieving the goal of carbon peak by 2030 and carbon neutrality by 2060. This paper studies the necessity and theory of the role of digital means in urban low-carbon transformation to explain the boosting role of digital means in urban low-carbon transformation. It mainly expounds the following four aspects. First, the development of digitalization can force enterprises to transform and upgrade and optimize industrial structure. Especially in the face of sudden epidemics, digitalization has shown strong vitality. Second, digital technology can help to improve the energy structure and improve the efficiency of energy use. Third, collaboration between digital and governance can reduce carbon emission intensity. Finally, digital changes in production and life style can reduce unnecessary CO2 emissions. In the last part of this paper, we put forward the relevant countermeasures. A city is influenced by the factors of low-carbon transformation. This paper studied the digital this factor only and did not discuss other factors, the digital booster effect is also illustrated. However, the extent of the digital development of each region is different, and the reduction effect of digital economy is different. For regions with low technology level, it is difficult for the digital economy to give full play to its advantages in emission reduction.
In future research, it is suggested to further study the practical details of a manifestation of digital technology between different regions, technologies, and measures. We can also explore the factors affecting low-carbon development from many aspects. At the same time, China should continue to improve the construction of digital infrastructure, and promote the reform and innovation of enterprise digital technology to release the carbon emission reduction effect of the digital economy.
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Reducing agricultural carbon emissions is essential to address climate change comprehensively, and improving factor quality reduces agricultural carbon emissions by promoting agricultural transformation. Based on the policy experiment of high standard farmland construction in China, this paper analyzes the role of factor quality in reducing agricultural carbon emissions using the SARAR model and data from 280 urban agricultural sectors. The study finds a significant spatial correlation between agricultural carbon emissions and factor quality improvement. Factor quality improvement can reduce agricultural carbon emissions. The disequilibrium effect analysis finds that the impact of factor quality improvement on agricultural carbon emissions has a disequilibrium effect. In other words, factor quality improvement mainly affects agricultural carbon emissions in areas with a higher level of agricultural development. The mediating test suggests that factor quality reduces the improvement of agricultural carbon emissions and promotes the transformation of agricultural industrial structure through the mediating factor of agricultural carbon emissions. Finally, in addressing global climate change, this paper attempts to provide policy references for developing countries to reduce agricultural carbon emissions from factor quality improvement.
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1 INTRODUCTION
The economic losses caused by extreme weather caused by the greenhouse effect on global agricultural production are increasing yearly. The extreme weather events disrupt the environment (Cruz and Krausmann, 2013), in particular, crop production (Elahi et al., 2021). Therefore, governments are paying attention to agricultural carbon emission reduction. Meanwhile, Article four of the Paris Agreement proposes reducing emissions and increasing foreign exchange to balance anthropogenic greenhouse gas emissions and removals by sinks in the second half of the 21st century (Nations, 2015). More and more countries are turning carbon emission reduction into strategies and actions. More than 100 countries or regions worldwide have committed to carbon neutralization. As agriculture is not only the source of greenhouse climate emissions, but also a contributor to climate change, agriculture has become one of the centers of climate change. Agricultural carbon emissions mainly come from pesticides, chemical fertilizers, and agricultural diesel oil. At the same time, agriculture also has a carbon sink function, increasing farmland soil’s organic carbon storage and carbon fixation capacity (Cara and Jayet, 2000). The rational use of production factors not only improves climate change, but also effectively increases output. Therefore, improving the quality of agricultural factors and reducing the input of agricultural factors will reduce agricultural carbon emissions and help achieve the global carbon neutrality goal.
According to the theory of factor quality, factor quality is an essential factor affecting the green development of agriculture (Xiao et al., 2021). Previous studies have found that the higher the quality of land elements, the higher the land efficiency under the same conditions (Leonard et al., 2020), and at the same time, the agricultural carbon emissions will be reduced (Deng et al., 2021). This idea provides a way to promote the green development of agriculture: to improve agricultural efficiency by improving the quality of agricultural factors to realize the green development of agriculture (Pu et al., 2019). For agriculture in developing countries, implementing a factor quality improvement project, namely high-standard farmland construction, is a new driving force to achieve green agricultural development (Zhou and Cao, 2020). In this context, to improve cultivated land quality and reduce agricultural carbon emissions, China put forward the construction task of high-standard basic farmland in 2012. The Ministry of agriculture and rural areas of China issued the national high standard farmland construction plan 2021–2030 in September 2021 (MARA, 2021). This policy states that 190 million acres of high-standard farmland will be built, and 46 million acres of high-standard farmland will be upgraded. Scholars have found that by implementing high-standard farmland construction to improve the quality of factors, China’s agricultural carbon emissions have been reduced by 24.4% (Chen and Wang, 2022). In summary, there are two new questions. In the context of green agricultural development, what impact does the improvement of factor quality represented by high standard farmland construction have on agricultural carbon emissions? Where can the improvement of factor quality affect agricultural carbon emissions? Answering these questions will help clarify the relationship between factor quality improvement and agricultural carbon emissions and explore the source of green agricultural development. At the same time, it will provide a theoretical basis and practical reference for developing countries to transform traditional agriculture.
The existing literature discusses the influencing factors of agricultural carbon emissions from the aspects of agricultural land operation scale (Asif and Almagul, 2022), carbon emission reduction policy (Wang et al., 2020), technological progress (Zaman et al., 2012; Cai et al., 2022), marketization (Dumortier and Elobeid, 2021). The agricultural land management scale’s expansion induces changes in agricultural chemicals’ input intensity and production technology (Koondhar et al., 2021). From the driving source, the improvement of agricultural carbon emission reduction efficiency mainly depends on the progress of cutting-edge technology rather than improving technical efficiency. The advanced technology progress has played a positive role in promoting the improvement of agricultural carbon emission reduction efficiency everywhere (Liu D. et al., 2021). In addition, urbanization is also considered to be an essential factor affecting agricultural carbon emissions (Asif and Almagul, 2022). The impact of urbanization on total agricultural carbon emissions lasts longer and has a more obvious impact effect.
The existing literature provides a valuable reference for regional differences in agricultural carbon emissions. However, these studies mainly focus on technological progress and agricultural policies and seldom analyze the influencing factors of agricultural carbon emissions from the perspective of factor quality improvement. Supporters of technology theory believe that factor quality improvement is a way to change the input structure of agricultural factors (Peng et al., 2017), can change and improve the efficiency of agricultural production (Yuan et al., 2022), improve agricultural productivity and profitability, and then reduce agricultural carbon emissions (Dakpo et al., 2016). However, the substitution theorists believe that factor quality improvement will produce a factor substitution effect (Li et al., 2021). As labor-saving technological progress, with the rise of labor price, the improvement of factor quality plays a more and more important role in replacing labor factors (Zhang et al., 2019). Some studies have shown that reconfiguring agricultural factors will change the agricultural industrial structure, thus improving factor allocation efficiency and ultimately reducing agricultural carbon emissions (Liu and Yang, 2021).
Through the above analysis, this paper finds that the existing literature has the following two points that can be expanded. The first is the relationship between factor quality improvement and agricultural carbon emissions. In the process of traditional agricultural transformation, the improvement of factor quality has become an important way to supplement the weakness of agricultural infrastructure. The improvement of factor quality can promote the green development of agriculture, but whether the improvement of factor quality will affect agricultural carbon emissions needs further discussion. Therefore, this paper attempts to analyze the influencing factors of agricultural carbon emissions from the perspective of factor quality improvement. The second is the agricultural carbon reduction effect of factor quality improvement from the perspective of disequilibrium. Terrain conditions will also restrict the economic impact of factor quality improvement. In areas with slight topographic relief, factor quality improvement is easier to improve agricultural efficiency, thereby reducing agricultural carbon emissions. However, in areas with sizeable topographic relief, it is difficult to improve the quality of factors, so the improvement of factor quality has a limited effect on the improvement of agricultural carbon emissions. The improvement of high factor quality will not only be restricted by the terrain conditions but also be affected by the level of agricultural economic development. The higher the level of agricultural economic growth, the greater the impetus to improve the quality of factors. Therefore, this paper studies the agricultural carbon emission reduction effect of factor quality improvement from the perspective of disequilibrium.
In summary, agricultural production is an important source of carbon emissions, and developing a low-carbon economy is inseparable from low-carbon agriculture. Under the background of transforming traditional agriculture in developing countries, this paper studies the path of reducing agricultural carbon emissions by improving the quality of agricultural factors. The main research questions of this paper are “How does the improvement of factor quality affect agricultural carbon emissions?”. Therefore, this paper performs an empirical analysis based on China’s policy experiment of high-standard farmland construction and considers the disequilibrium effect to systematically analyze and elaborate on the mechanism behind the impact of factor quality improvement on agricultural carbon emissions. Using the data from 280 urban agricultural sectors and SARAR model, this paper empirically analyzes the spatial and disequilibrium effects of factor quality improvement on agricultural carbon emission. The findings of this paper provide policy references for developing countries to reduce agricultural carbon emissions from factor quality improvement. The possible marginal contributions of this paper are as follows. First, from the perspective of factor quality improvement, this paper studies the path to reducing agricultural carbon emissions. In transforming traditional agriculture, improving the quality of agricultural factors has become a new driving force for agricultural development to complement the shortcomings of agricultural infrastructure. Whether the improvement of the quality of agricultural factors will affect agricultural carbon emissions needs further discussion. Second, further expand the research hypothesis to an unbalanced perspective. Agricultural carbon emissions will not only be affected by the quality of agricultural factors but also by the agricultural natural environment and socio-economic environment. Therefore, this paper analyzes the impact of factor quality improvement on agricultural carbon emissions in which regions. Third, this paper selects the number of high-standard farmland construction documents published by urban agricultural departments as an instrumental variable and uses two-stage least squares regression to discuss the possible endogeneity problems.
The structures of paper are as follows. The second section introduces theoretical framework, data sources, model, and variable selection. The third section discusses the spatial correlation. The fourth section reports the empirical findings on the impact of factor quality improvement on agricultural carbon emissions. The fifth section discusses the disequilibrium effect. The sixth section provides the robustness test. The seventh section examines the mechanism effect of agricultural industrial structure. The eighth section provides conclusions, puts forward some policy recommendations, and suggests future research.
2 MATERIALS AND METHODS
2.1 Theoretical framework
According to the agricultural production theory, the green development of agriculture mainly comes from three aspects: first, the increase of agricultural factor input; Second, improve the production efficiency of agricultural factors; Third, improve the quality of agricultural factors. From the current situation of global agricultural production, the input of agricultural factors has reached a certain degree. Therefore, it is difficult for the government to promote the green development of agriculture by increasing the input of agricultural factors. At the same time, it is difficult to promote agriculture’s green development by improving agricultural factors’ production efficiency due to the lack of power to promote the progress of agricultural technology. Based on the above analysis, the way to reduce agricultural carbon emissions by improving the quality of factors is a new way to promote agricultural green development. Factor quality improvement reduces agricultural factor input (increases agricultural output) under the condition that agricultural output (agricultural factor input) remains unchanged by improving factor quality. The factor quality improvement can promote the large-scale agricultural production. The large-scale agricultural production will inhibit the excessive application of pesticides and fertilizers caused by farmers’ pursuit of output, and make the protective agricultural farming measures applied in a wider range. Therefore, the factor quality improvement reduces agricultural carbon emissions by reducing agricultural factor input.
Under the assumption of rational people, the change in the relative output efficiency of agricultural factors will further affect the factor input of the agricultural sector, and then change the agricultural industrial structure. According to the agricultural production theory, the reallocation of agricultural factor resources among different regions is an important way to promote agricultural economic growth and reduce agricultural carbon emissions. The factor quality improvement can change the agricultural industrial structure by affecting the allocation structure of agricultural factors. Under the background of optimization of agricultural industrial structure and green development of agriculture, traditional agriculture with large carbon emissions will be gradually reduced. Modern agriculture with small carbon emissions will develop rapidly, thus reducing the overall carbon emissions in the agricultural sector.
2.2 Data sources
This paper focuses on the impact of factor quality improvement on agricultural carbon emissions. The panel data of 280 cities in China from 2018 to 2020 are used as the sample. The data of this paper mainly includes two parts. The agricultural carbon emissions data and control variables are one part, mainly from the China Statistical Yearbook for years 2019–2021, the statistical yearbook of various provinces and cities. The other part of the data is the factor quality improvement data, mainly from the high standard farmland construction data published by the Provincial Department of agriculture and rural affairs and the Municipal Bureau of agriculture and rural affairs. For cities that have not published high-standard farmland construction data, this paper sends a letter to the urban Bureau of Agriculture and rural affairs or the Department of agriculture and rural experiences of the province to which the city belongs.
2.3 Model
As a government policy, factor quality improvement has an exogenous nature. Still, the delimitation of the scope of factor quality improvement, completion quality, and the impact on agricultural production in surrounding areas will also have a spatial correlation. At the same time, agricultural carbon emissions are not independent in space (Cai et al., 2022). Therefore, when studying factor quality improvement and agricultural carbon emissions, we must consider its spatial attributes. We need to use spatial econometric models to analyze the impact of factor quality improvement on agricultural carbon emissions. The mainstream spatial econometric models mainly include spatial autoregressive (SAR), spatial error (SEM), and spatial Durbin (SDM) models, which subsumes all the spatial autoregressive and error terms. However, the spatial autoregressive and error terms may exist in the process of the impact of factor quality improvement on agricultural carbon emissions simultaneously. Based on this, this paper uses the research method of Xie et al. (2019) and Li et al. (2022) for reference. We use the spatial autoregressive model with spatial autoregressive disturbances (SARAR) model to study the impact of factor quality improvement on agricultural carbon emissions. The equation is set as follows:
[image: image]
where ACE is agricultural carbon emissions; FQI is factor quality improvement; Control is control variable, which includes seven variables. ρ is the spatial autoregressive coefficient of agricultural carbon emissions, stands for the impact of agricultural carbon emissions in adjacent areas on the region; β is the regressive coefficient of FQI on ACE; μ and ε are the spatial error term; λ is the regressive coefficient of spatial error term on agricultural carbon emissions; W is the spatial weight matrix (n×n), which is the urban spatial distance calculated based on the urban centroid coordinates, and the reciprocal of this distance is the weight between cities. The mathematical expression of W is:
[image: image]
where i and j are city; dij is the spatial distance between city i and city j.
2.4 Measures
2.4.1 Agricultural carbon emissions
Agricultural carbon emissions are the dependent variable of this paper. Based on the availability of urban agricultural data, this paper attempts to choose the carbon emissions per unit of GDP method as the measurement method of agricultural carbon emissions. According to Zaman et al. (2021), the carbon sources in this paper include fertilizers, pesticides, agricultural film, agricultural diesel, irrigation and plowing. Due to the lack of data on pesticides, agricultural film, and agricultural diesel within the urban, this paper attempts to calculate those data based on provincial unit cultivated land area and actual urban cultivated land area. The total agriculture carbon emission is equal to the sum of the product of the pure amount of fertilizers, pesticides, agricultural film, agricultural diesel, total sown area, and actually irrigated area and the emission coefficient respectively. In other words, the total agricultural carbon emission is equal to the sum of the product of the above usage and emission coefficient. The formula of the total agriculture carbon emission is [image: image], among which Ei refers to the carbon emissions of various carbon sources, Si refers to the values of various carbon sources, and Ci is the emission coefficient of various carbon sources. For the convenience of subsequent quantitative analysis, the agricultural carbon emission in this paper is expressed by the ratio of the total agricultural carbon emission (kg) to the total agricultural output value (one hundred thousand yuan). According to relevant research (West and Marland, 2002; Dubey and Lal, 2009; Liu Y. et al., 2021), the carbon emission coefficient showed in Table 1.
TABLE 1 | Agricultural carbon sources, carbon emission coefficient and reference sources.
[image: Table 1]Measurement results of urban agricultural carbon emissions are shown in Table 2. Table 2 shows that China’s agricultural carbon emissions have been continuously reduced from 2018 to 2020. The agricultural carbon emissions reduction rate in the eastern region has been faster than in the central and western regions. Regarding spatial differences, agricultural carbon emissions in the eastern region are significantly higher than those in the central and western regions. The possible explanation is that the total agricultural output in the eastern regions is relatively high so the agricultural carbon emissions will be higher. Still, at the same time, the implementation of agricultural carbon reduction policies in the eastern region is also relatively large. Hence, the agricultural carbon emissions reduction rate in the eastern regions is also higher than in the other regions.
TABLE 2 | Measurement results of urban agricultural carbon emissions.
[image: Table 2]2.4.2 Factor quality improvement
Factor quality improvement (FQI) is the independent variable of this paper. This paper attempts to use the proportion of high standard farmland construction area in urban cultivated land area to express.
2.4.3 Control variables
The control variable selected in this paper cover seven aspects, informatization (Infor) is measured by the number of netizens in the city; Human capital (HC) is measured by the ratio of the number of middle school students to the total urban population; Urbanization (Urb) is measured by the ratio of the urban permanent population to the total population; Financial development (FD) is measured by the ratio of the balance of various deposits of financial institutions to the total population at the end of the year. Government intervention (GI) is measured by the ratio of fiscal expenditure to regional GDP. Industrial development (ID) is measured by the ratio of the total industrial output value above scale to the regional GDP. Social consumption (SC) is measured by the total retail sales of social consumer goods to the total population. The descriptive statistics of the variable are shown in Table 3.
TABLE 3 | Descriptive statistics of variables.
[image: Table 3]3 DISCUSSION OF SPATIAL CORRELATION
According to the previous analysis, there may be a spatial correlation between the improvement of factor quality and agricultural carbon emissions, so it is necessary to test its spatial correlation. Suppose the factor quality improvement or agricultural carbon emission has a spatial correlation. In that case, it is necessary to use a spatial econometric model to discuss the impact of factor quality improvement on agricultural carbon emission. According to Jung and Vijverberg. (2019), this paper adopts Moran’s I index to analyze the spatial correlation test results between factor quality improvement and agricultural carbon emissions. Table 4 provides the test results of spatial correlation.
TABLE 4 | Spatial correlation test.
[image: Table 4]As shown in Table 4, there is a significant spatial correlation between factor quality improvement and agricultural carbon emissions. It shows that although the factor quality improvement is an independent policy choice of each region, other regions will also affect the quality improvement in the different regions. At the same time, changes in agricultural carbon emissions will also be affected by other regions. Therefore, when analyzing the impact of factor quality improvement on agricultural carbon emissions, it is necessary to use a spatial econometric model for discussion. In addition, according to Anselin et al. (2004), this paper uses the OLS model to calculate the residual term in different years and discusses the spatial correlation of the residual. It can be seen from the residual spatial correlation test in Table 4, the residual has a significant spatial correlation. It shows that the impact of factor quality improvement on agricultural carbon emissions estimated by the OLS model is not a real estimation result. To accurately reflect the impact of factor quality improvement on agricultural carbon emissions, this paper attempts to select an econometric model that can reflect the spatial correlation between regions for estimation.
4 BENCHMARK REGRESSION
Since the data in this paper are panel data, it is necessary to judge which is more suitable for this study: fixed effect, random effect, and mixed effect. According to Anselin et al. (2004), BP and Hausman tests are used to test the fitting result of the spatial econometric model in this paper. The results show that both BP and Hausman tests passed the significance test. Thus, the benchmark regression of this paper is based on the fixed effect, using the SARAR model for empirical analysis. Table 5 provides the estimated results of FQI on ACE. Columns (1), (2), (3), and (4) report the results of all regions, eastern regions, central regions, and western regions.
TABLE 5 | Results of the benchmark regression.
[image: Table 5]Firstly, column (1) in Table 5 is the estimation result of FQI on ACE. We find that factor quality improvement significantly reduces agricultural carbon emissions. On the one hand, under certain output conditions, the factor quality improvement will lead to the continuous reduction of the number of factors invested in the agricultural sector. When the number of factor inputs is reduced, the carbon emissions of the agricultural sector will also be reduced (Tian et al., 2016; Chen et al., 2020). On the other hand, with the improvement of agricultural land quality, the government’s investment in the agricultural sector will continue to increase, thereby improving the factor efficiency. When the factor efficiency of the agricultural sector is improved, this will reduce the undesirable output, which will be reflected in the reduction of agricultural carbon emissions.
Secondly, column (1) in Table 5 shows the spatial spillover effects of FQI on ACE. The spatial autoregressive term (rho) estimation coefficient is significantly positive. It shows that the reduction of agricultural carbon emissions will not lead to the decrease of agricultural carbon emissions in adjacent regions but will increase agricultural carbon emissions in adjacent areas. The possible explanation is that there is no driving effect on agricultural carbon emissions. The improvement of factor quality will drive the improvement of the input quality of agricultural factors in this region. Still, it will also attract advantageous agricultural factors in adjacent regions, which will increase agricultural carbon emissions in adjacent regions. In other words, reducing agricultural carbon emissions is at the cost of the rise of agricultural carbon emissions in the adjacent regions.
Finally, column (2), (3), and (4) in Table 5 shows the results of the subdivision sample. We find that factor quality improvement significantly reduces agricultural carbon emissions in eastern, central, and western regions. The comparison of the results shows that the factor quality improvement has the largest impact on the coefficient of agricultural carbon emissions in the eastern region and the smallest effect on the coefficient of agricultural carbon emissions in the western regions. Land leveling in the eastern regions is suitable for large-scale mechanized farming. Improving the quality of land factors will reduce the input of labor factors, pesticides, fertilizers, and other factors and then optimize the input structure of agricultural factors, reducing agricultural carbon emissions in the eastern region from the perspective of agricultural factor input (Xiong et al., 2020). On the other hand, the natural conditions of agricultural production in the western region are relatively poor, and the agricultural unit output in the western regions is relatively low. Improving the quality of land factors will have a relatively small impact on agricultural production in the western regions (Huang et al., 2019).
5 DISEQUILIBRIUM EFFECT ANALYSIS
According to the previous analysis, factor quality improvement can reduce agricultural carbon emissions, but the impact of factor quality improvement on agricultural carbon emissions in different regions is significantly different. Based on the facts of agricultural development in the East, central and western regions, and according to He et al. (2020), we suspect that the impact of factor quality improvement on agriculture in the different regions may be subject to the level of agricultural economic development. Therefore, this paper attempts to introduce agricultural economic growth into the model to study the unbalanced effect of factor quality improvement on agricultural carbon emissions. We use the output value of the urban primary industry in 2017 as the initial level of agricultural economic development (AGDP) and introduce the interaction term between AGDP and FQI into the model to analyze the disequilibrium effect. Table 6 presents the results.
TABLE 6 | Results of disequilibrium effect.
[image: Table 6]As shown in column (1) of Table 6, considering the initial level of agricultural economic development, FQI significantly negatively affects ACE. At the same time, comparing the results of Table 6 and Table 5 (0.0039 < 0.0166), we can find significant differences in the impact of factor quality improvement on agricultural carbon emissions in different regions. This difference will also affect the economic effect of factor quality improvement. In addition, FQI*AGDP has a significant negative impact on ACE, indicating that compared with poor regions, the factor quality improvement can reduce agricultural carbon emissions in affluent regions. On the one hand, the agricultural economy needs transformation and upgrading in regions with high agricultural economic development. Therefore, the factor quality improvement of land directly optimizes the input structure of agricultural factors, and agricultural carbon emissions will be reduced (Han et al., 2018). On the other hand, regions with low agricultural economic development need to increase agricultural factor investment. Thus, factor quality improvement has smaller impact on agricultural carbon emissions.
As shown in columns (2), (3), and (4) of Table 6, FQI has a significant negative impact on ACE in affluent, general, and poor regions. Through the regression coefficient, the impact of factor quality improvement on agricultural carbon emissions in affluent regions is greater than that in poor regions. The results further reveal that FQI can significantly reduce ACE and confirm the robustness of the results.
6 ROBUSTNESS TEST
This paper uses two robustness test methods to verify the reliability of the results. Firstly, because the topographic conditions in eastern, central, and Western are different, we divide cities into plains, hilly regions, and mountainous regions. Secondly, we adapt the instrumental variable approach to solve the possible endogeneity problems.
Columns (1), (2), and (3) of Table 7 report the results of the subdivision sample through topographic differences. We find that factor quality improvement significantly reduces agricultural carbon emissions in plains, hilly, and mountainous regions. By comparing the estimated coefficient of factor quality improvement, it finds that factor quality improvement has the greatest impact on agricultural carbon emissions in plains, followed by hilly regions, and the smallest impact on agricultural carbon emissions in mountainous regions. Thus, the above results show that the results of benchmark regression are robust.
TABLE 7 | Results of robustness test.
[image: Table 7]According to Daniel et al. (2020), the instrumental variable selected in this paper is the number of high-standard farmland construction documents published by urban agricultural departments. Columns (4) of Table 7 present the result of the endogeneity test. FQI still plays a steady role in reducing agricultural carbon emissions, which indicates that the results are robust. In addition, we verify the rationality of the instrumental variable selection through Pseudo R2 (0.7103), indicating that the instrumental variables contribute greatly to the fitting degree of factor quality improvement.
7 MECHANISM ANALYSIS
Previous empirical results have shown that FQI significantly reduces ACE. We further discuss the agricultural industrial structure (AIS) in which FQI affects ACE. Table 8 presents the results. As shown in columns (1) of Table 8, FQI significantly promotes the transformation of AIS. The factor quality improvement can improve the efficiency of unit factor output to enhance agricultural output and optimize agricultural industrial structure (Liu and Yang, 2021). As shown in columns (2) and (3) of Table 8, FQI and AIS significantly reduce ACE, indicating that AIS plays a part in the plausible channel in the path of FQI to reduce ACE. Combining theory with practice, it can be seen that the optimization of agricultural industrial structure means that traditional agriculture is gradually transitioning to modern agriculture, which will reduce the factor input of traditional agriculture. With the reduction of factor input of traditional agriculture, agricultural carbon emissions will also be gradually reduced (Guo et al., 2021).
TABLE 8 | Results of mechanism analysis.
[image: Table 8]8 CONCLUSION, RECOMMENDATIONS AND FUTURE RESEARCH
The factors reducing carbon emissions are critical to resolving the environmental problem. Based on panel data of cities, this paper discusses the impact of factor quality improvement on agricultural carbon emissions. We find that factor quality improvement can significantly reduce agricultural carbon emissions. Further heterogeneity analysis finds that factor quality improvement has a greater effect on agricultural carbon emissions for eastern regions. The disequilibrium effect results show significant differences in the impact of factor quality improvement on agricultural carbon emissions in different economic development regions. Compared with poor regions, the factor quality improvement has a greater impact on affluent regions. After conducting the robustness test from two aspects, factor quality improvement still significantly reduces agricultural carbon emissions. The results of the mechanism analysis show that factor quality improvement reduces not only agricultural carbon emissions but also agricultural carbon emissions by optimizing agricultural industrial structures. This paper focuses on high-standard farmland and expounds on the impact of factor quality on carbon emission reduction. It provides a reference basis for understanding the effect of factor quality in carbon emission reduction and has vital practical significance for the study of agricultural carbon emission.
Based on the above conclusion, this paper puts forward policy suggestions for reducing agricultural carbon emissions from the perspective of factor quality improvement. Government departments should actively introduce relevant policies to improve the quality of agricultural factors. To solve the market failure problem in agricultural development by improving the quality of agricultural factors and then promoting the green development of agriculture. Meanwhile, the transformation of the agricultural industrial structure will also reduce agricultural carbon emissions. Therefore, the government and agricultural companies should continue promoting the transformation from traditional to modern agriculture. All regions must continue to promote agricultural modernization and the development of low-carbon agriculture. The government should pay attention to differences in agricultural economic development and geographical location in the carbon emission reduction effect of factor quality. Different regions should use factor quality improvement differently to promote agricultural carbon reduction. For developed regions, the government should reduce agricultural carbon emissions by improving the quality of agricultural factors. For backward areas, the government should first improve the economic level and then promote the quality of agricultural factors. On the other hand, the government should adopt modern production factors to carry out intensive production, which is the key to improving agricultural output. The government promotes reducing and synergizing fertilizers and pesticides, which is critical to reducing carbon emissions. At the same time, the government should actively establish a green and low-carbon economic system for circular development, and actively explore the agricultural circular production mode, the agricultural and animal husbandry combined circular mode, and the agricultural enterprise circular industry mode. Finally, the government should improve the quality of arable land to achieve the role of carbon fixation, such as using organic fertilizer, promoting the return of straw to the field, and strengthening the management of degraded arable land. The government should also develop clean energy (hydropower, wind power, or solar energy) and new energy technologies (electric vehicles) to replace the original agricultural diesel. At the same time, the government should actively develop smart agriculture (artificial intelligence and big data). Those emerging information technologies help farmers make efficient judgments to promote sustainable agricultural production and reduce agricultural carbon emissions.
This paper complements the lack of relevant research on factor quality improvement and carbon emissions and provides a theoretical reference for studying the environmental improvement effect of factor quality. However, the limitations of this paper need to be further improved. First, the impact of factor quality improvement on carbon emissions of industries is different (such as industry, construction industry, transportation industry). Future studies should expand in data richness and advance the research on carbon emissions in various industries. Meanwhile, future studies should improve the measurement of factor quality and carbon emissions. Second, this paper does not discuss other specific mechanisms (such as resource misallocation, the operational environment, and technological innovation) of the relationship between factor quality and carbon emissions. Finally, the research on carbon emissions should not only focus on the macro level, but also explore the micro level, such as farmers’ agricultural low-carbon production behavior, residents’ low-carbon life behavior, and so on. Therefore, further studies based on obtaining relevant data are suggested to expand the research on carbon emissions.
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As a region with a good ecological foundation and a strong carrying capacity of resources and environment, Jiangxi Province of China was included in the first batch of unified and standardized national ecological civilization experimental zones as early as 2016. How to realize carbon neutrality and carbon peak was the long-term key task of Jiangxi Province and the energy policy was the main effective means for Jiangxi Province to achieve high-quality economic and social development during the 14th Five-Year Plan period. Therefore, based on Bayesian Nash equilibrium theory, a carbon game analysis between enterprises and government under double carbon constraints was established. Besides, by relying on the current situation of energy consumption and carbon emission in Jiangxi Province of China, the goal path of achieving carbon neutrality and carbon peak in Jiangxi Province was tested. According to the research, with lack of natural resources and energetic development of low-carbon economy, enterprises and governments should make transpositional consideration to balance interests and realize common development amid cooperation, thus achieving the harmonious development of society. It is necessary to deepen the understanding of peak carbon dioxide emissions and carbon neutrality, analyze how Jiangxi Province solves the challenges and realization pathways under the goal of peak carbon dioxide emissions and carbon neutrality and discuss policy demands, which are of vital significance for the realization of low-carbon transformation and upgrading of China’s economy and society.
Keywords: low-carbon economy, energy policy of Jiangxi province, China, innovation, the path to study
INTRODUCTION
Impediments to address the challenges for obtaining the sustainable development that are linked to excessive biodiversity loss, climate change and carbon emission are hot topic in environmental economics and among policymakers (Alvarado et al., 2021). Several empirical studies have concluded that the major causes of deterioration in the quality of environment are constant increase in per capita income and excessive exploitation of natural resource rents (Ma and Stern, 2008). Although the historical accumulation of greenhouse gas concentrations in the atmosphere is a major cause of warming, the enormous increase in current emissions in developing countries has also exposed these countries to increasing pressure for abatement (Shi, 2012). In the range of response options aimed at reducing carbon emissions caused by human activities.“low-carbon” development model, has been generally recognized in the world, and has become the goals of human development in the new era (Yang, 2012). To achieve the long-term goals outlined in the Paris Agreement that address climate change, many countries have committed to carbon neutrality targets (Chen H et al., 2021). China signed the Copenhagen Climate Agreement as early as 2010 and it is also an advocator and defender of the Kyoto Protocol. China has made a lot of efforts in realizing energy conservation and emission reduction and promoting sustainable development (Gao, 2021). In response to the scarcity of resources and the deterioration of the global environment, Chinese President Xi Jinping set a “dual-carbon” target in 2020, with carbon emissions peaked in 2030 and eventually neutralized in 2060, urging China to contribute to environmental conservation. In January 2022, he re-emphasized the importance of the carbon-reduction process. The key to reaching the “dual carbon” goal is the establishment of a low-carbon economy. Developing a low-carbon economy requires a shift in China’s development model, which now includes not only pursuing economic growth but also pursuing economic development while considering the environment. China’s development of a low-carbon economy will have a major impact on the world’s ecological and economic fields as the world’s second-biggest economy and largest carbon emitter. To achieve President Xi Jinping’s goal of a low-carbon and efficient Chinese economy as soon as possible, the Chinese government should formulate a reasonable development plan based on a combination of its own national conditions and relevant low-carbon economy conditions (Cheng et al., 2020; Chen Y et al., 2021; Du et al., 2021; Meng et al., 2021).
The development of low-carbon economy is also a global game (Tang and Tian, 2022). Throughout the world, a total of 54 countries have achieved the goal of peak carbon dioxide emissions, accounting for 40% of the total global carbon emissions. According to statistics, among the top 15 carbon-emitting countries in the world, the United States, Japan, Russia, South Korea, the United Kingdom, Indonesia, Brazil, France, Germany, Canada, and other countries have achieved this goal as of 2020 (Liu and Ma, 2021). It has become urgent for China to achieve this goal. “Taking steps towards the goals of peak carbon dioxide emissions and carbon neutrality” have been included in the eight key tasks for 2021 determined since the 2020 Central Economic Work Conference (Guo and Wan, 2021). Each locality is required to formulate an action plan for peak carbon dioxide emissions till 2030 according to their actual conditions and support will be given to the areas that have satisfied the conditions for achieving this goal early. In January 2021, Shanghai announced that it would fully achieve the goal of peak carbon dioxide emissions by 2025 and become the first city to reach this goal. Afterwards, Jiangsu, Guangdong, Hainan and other regions also proposed to strive to become leaders in achieving the same goal in China (Yu and Zhang., 2021). Achieving the goals of peak carbon dioxide emissions and carbon neutrality are two inseparable stages, with the former being the key basis and important precondition for the latter (Wang et al., 2018). When we can achieve the goal of peak carbon dioxide emissions and the size of the peak will produce a direct impact on the difficulty and specific duration of the work required to achieve the goal of carbon neutrality (Wiryadinata et al., 2018).
No widely recognized and used methods have been found to judge carbon peak in current research. However, some scholars have made attempts. According to urban historical carbon emission data, some scholars judged whether the carbon emissions realized the peak by using conditional judgment function and Mann-Kendall trend analysis test method. Some scholars predicted and researched the time and peak value of carbon peak with scenario analysis method and a series of economic models. They held that China could achieve carbon peak in about 2030, and the peak value could be controlled at about 12 billion tons (Lu et al., 2021). Simultaneously, a unidirectional positive linkage emerged from non-renewable energy use intensity to environmental emissions index (Ahmad al., 2021a). The most optimistic solutions for sustainable development and emission reduction involve switching from conventional technologies to environmentally friendly technologies (EFTs) (Adedoyin et al., 2021; Dogan et al., 2021; Fatima, et al., 2022).
It can be found after reorganizing the literature that main research fields of carbon peak and carbon neutrality include three aspects: factors that influence carbon peak and carbon neutrality, realization path of carbon peak and carbon neutrality, and challenges and opportunities under the objective of carbon peak and carbon neutrality. The factors that influence carbon peak and carbon neutrality are mainly energy, technology and economy. The realization path of carbon peak and carbon neutrality is mainly to change energy structure, develop technology and innovate thoughts ideas.
On the whole, the existing research on carbon peak and carbon neutrality mainly focuses on the macro level concerning energy, technology, economy and industry, while there is rare research at micro level concerning specific provinces, cities, counties and individuals. In view of this fact, based on the current energy and environmental issues facing Jiangxi Province, this paper takes the achievement of the dual carbon goals as an important basis and takes full account into the interactions between the government and economic entities. It provides a useful reference for the dual-carbon policies to smoothly transform from the administrative type to the market-oriented type, the pathways for dual-carbon goals to be optimized, decision-making departments to formulate more reasonable low-carbon policies and the state to further improve the strategies for green, low-carbon development.
GOVERNMENT-ENTERPRISE GAME ANALYSIS UNDER DOUBLE CARBON CONSTRAINTS
The market mechanism is often compared to an “invisible hand”, and the government’s role a “visible hand”. With development of low-carbon economy, enterprises need to increase additional costs. Environmental protection, safe production and other issues will often be neglected if supervision and restraint of government agencies are lacking. Once the government supervises the production behavior of enterprises, enterprises and the government will certainly face the problem of carbon game.
Construction of government-enterprise Carbon game model
As the maker and propagandist of low-carbon innovation policy, the government is also the first actor in the game process. Enterprises select their own strategies according to the low-carbon innovation encouragement policy formulated by the government. Above analysis indicates that the government can choose two strategies: action and inaction, namely, whether the government provides capital and technology and other assistance and support for low-carbon innovation of enterprises. Besides, enterprises have two strategies available: one is to pursue low-carbon innovation and apply the results of low-carbon innovation during production and operation process, thus realizing the objective of energy conservation and emission reduction with the technical level improved. The other is to adopt traditional technological innovation instead of low-carbon innovation. Moreover, the government is entitled to supervise whether enterprises discharge pollutants according to the regulations or standards, and also has the right to punish them if the discharged pollutants exceed the standard.
Above circumstance is abstracted and the following assumption is made:
1) When enterprises take non-low-carbon innovation strategy, the input is [image: image] and the income is Q. If enterprises take low-carbon innovation behavior, additional input is [image: image] and additional income is [image: image].
2) If enterprises select non-low-carbon innovation strategy, the government’s input is [image: image], and the government’s income is [image: image]. To encourage enterprises to carry out low-carbon innovation, the government implements policies such as tax reduction and exemption, R&D subsidy, patent protection, etc., with additional input of [image: image]. Due to low-carbon innovation of enterprises, the increased income of government is [image: image].
3) The government can select whether to make punishment according to different strategies taken by enterprises. The cost of inspection by the government for enterprise emissions beyond the standard is [image: image] and the penalty obtained by the government for punishing violating enterprises is [image: image].
Therefore, the government-enterprise carbon game income matrix can be established, as shown in Table 1.
TABLE 1 | Enterprise-government carbon game income matrix.
[image: Table 1]Analysis of game evolution process
During the game process, if the government selects “action” strategy and supports enterprises to carry out low-carbon innovation, enterprises need to make choice between two strategies, namely “low-carbon innovation” and “non-low-carbon innovation”. According to strategies selected by enterprises, the government makes “punishment” or “no punishment”. When enterprises select “low-carbon innovation” strategy, the maximum income of the government is:
[image: image]
Similarly, when enterprises select “non-low-carbon innovation” strategy, the maximum income of the government is [image: image]. For the government, selection of “punishment” or “no punishment” strategies should be decided according to the size relationship between f and C, P and N, △P and △N. When f > C, P > N, △P>△N and when f > C, P > N, △P<△N, the government will select “punishment” strategy. At this time, [image: image] and [image: image] are respectively:
[image: image]
[image: image]
Similarly, when f < C, P > N, △P>△N and when f < C, P > N, △P<△N, with income of supervision and inspection by the government for enterprise emission less than sum of all costs paid, the government will select “no punishment”. From the perspective of enterprises, when the government selects “punishment” strategy, the maximum income of enterprises is:
[image: image]
When the government selects “no punishment” strategy, the maximum income of enterprises [image: image] can be obtained. When [image: image], enterprise profits increase. Hence, regardless of “punishment” or “no punishment” strategy taken by the government, enterprises will take low-carbon innovation technology for energy conservation and emission reduction. When [image: image], regardless of “punishment” strategy taken by the government, enterprises will select “non-low-carbon innovation strategy” for the purpose of guaranteeing that their interests will not be reduced.
If the government selects “inaction” strategy during the game process, enterprises can also select “low-carbon innovation” and “non-low-carbon innovation” strategies. Then the government will make “punishment” or “no punishment” according to enterprise performance. When enterprises select “low-carbon innovation” strategy, the maximum income of the government is:
[image: image]
When enterprises select “non-low-carbon innovation” strategy, the maximum income of the government [image: image] can be obtained. The government will decide whether to take “punishment” strategy according to the size relationship between f and C on the basis of income matrix. Only when the income is greater than the cost regarding inspection and supervision by the government for low-carbon innovation results of enterprises, namely f > C, [image: image], will the government select “punishment” strategy. On the contrary, if f < C, [image: image], namely with the income less than the cost regarding inspection and supervision by the government for low-carbon innovation results of enterprises, the government will select “no punishment” strategy. For enterprises, when the government selects “punishment” strategy, the maximum income of enterprises is:
[image: image]
When the government selects “no punishment” strategy, the maximum income of enterprises is [image: image]. If [image: image], the optimal strategy selection for enterprises is to implement “low-carbon innovation”. Under this condition, after pursuing low-carbon innovation, enterprise income increases are higher than input increases when the innovation begins. On the contrary, if [image: image], the optimal selection of enterprises is to implement “non-low-carbon innovation”. On the whole, when f > C, P > N, [image: image], [image: image] with conditions satisfied,{(action, punishment), low-carbon innovation} is the equilibrium solution of game. When [image: image], [image: image] with conditions satisfied, {(inaction, punishment), low-carbon innovation } is the equilibrium solution of game.
Analysis of optimal government-enterprise relationship from the perspective of game theory
During development of low-carbon economy, a key issue that must be correctly and properly handled is how to establish the optimal government-enterprise relationship. Theoretically speaking, firstly, for the low-carbon economy, the government and enterprises should have an equal relationship based on law. Secondly, with social services provided for enterprises, the government also supervises the behavior of enterprises and it is the foundation of the modern government-enterprise relationship. As tax payers, enterprises are entitled to supervise and restrict government actions within the scope of the legal system, and should play a more active role in the process of building the government-enterprise relationship. Such equal relationship of mutual service, mutual supervision and mutual restriction should be the basis for establishing the optimal government-enterprise relationship in low-carbon economy.
Enterprises and the government make strategic choices on the basis of considering their own interests under the environment of low-carbon economy. To a certain degree, the implementation of their strategies is mutually influenced. The best outcome of the game is to maximize the interests of both parties. However, with lack of natural resources and energetic development of low-carbon economy, the ideal state is difficult to exist. If enterprises and the government both only consider their own interests and do their own thing, various conflicts and contradictions will be stimulated. Hence, the two sides should make transpositional consideration to realize balanced interests and common development in cooperation, thus achieving harmonious development of society. We can also find through the research of game theory that both sides of the game often have fluky psychology in one-off game owing to information asymmetry. In practice, the government collects taxes without any action, and the enterprises obtain illegal profits, harming interests of other groups in the market. Therefore, through the repeated game, both sides can weigh the advantages and disadvantages in the game and conjecture each other’s psychology, a win–win strategy can be followed by increasing the economic growth and environmental quality simultaneously with incentives to use renewable resources in tourism, as well as in other sectors (Ișik et al., 2020).
ENERGY CONSUMPTION AND ENERGY POLICIES IN JIANGXI PROVINCE, CHINA
Energy consumption and CO2 emission in Jiangxi province
According to statistics, Jiangxi Province had a GDP of 2,475.75 billion yuan in 2019 and its energy consumption grew by 4.1 percent, contributing 8 percent to the total GDP of the province. Currently, this province stands at the forefront in terms of GDP growth in China. It has maintained a medium-to-high growth in local economic indicators, ranking among the first in this respect nationwide. The per capita GDP of the province has hit more than US$ 7,000 and the ratio of its primary, secondary and tertiary industries is 8.3:44.2:47.5. Among the total energy consumption of 96.6515 million tce of the province in 2019, coal consumption accounted for 62.42 percent, oil consumption 18.66 percent, natural gas consumption 3.42 percent, and non-fossil energy consumption 13.5 percent, significantly lower than the national average. The energy consumption per unit of GDP was 0.42 tce/10,000 yuan (see Table 2); the electricity consumption of the whole society reached 153.570 billion kWh; and the proportion of renewable energy in Jiangxi arrived at 25.5 percent (Fang et al., 2021).
TABLE 2 | Energy consumption data of Jiangxi Province, China from 2016 to 2020.
[image: Table 2]According to the specific calculating method for CO2 emissions in the Guideline for the Preparation of the Action Plan for Provincial Peak Carbon Dioxide Emissions, CO2 emissions caused by energy activities and the indirect emissions contained in the transfer of electricity were calculated. It was found that the total CO2 emissions of Jiangxi Province have gradually increased in the past 5 years. (Han et al., 2018). The year 2019 saw a total CO2 emissions of 252.47 million tons, representing a growth rate of 10.9 percent compared with the figure 5 years ago (see Figure 1), carbon emission intensity of 0.88 t/10,000 yuan, a decrease of 20.3 percent compared with the figure 5 years ago, and per capita carbon emissions of 4.35 t. The carbon emission intensity and per capita carbon emissions of Jiangxi Province were significantly lower than the national average. (see Figure 2). This means that rising government spending (through the AC hypothesis) increases real GDP per capita (RGDPPC) and, consequently, increases in RGDPPC (through the EKC hypothesis) increase CO2emissions (Ișik et al., 2022). Besides, CO2emissions produced a neutral influence on the aggregate economic output in the short run, whereas it put forward the aggregate economic output hampering influence in the long run. (Ahmad et al., 2021b).
[image: Figure 1]FIGURE 1 | The CO2 emissions of Jiangxi Province for 2015 to 2019.
[image: Figure 2]FIGURE 2 | The CO2 emissions of 29 provinces in China for2015 to 2019.
Energy policies of Jiangxi province
1) The Action Plan for the High-quality Leapfrog Development of New Energy Industry in Jiangxi Province was issued by the Department of Industry and Information Technology of Jiangxi Province in 2019. This scheme is intended to realize three objectives. Firstly, it is to achieve a rapid growth in industrial scale. After efforts of 4 years, the income from the main business of new energy industries such as photovoltaic and lithium batteries in the province will exceed RMB 200 billion. Secondly, it is to steadily improve the comprehensive strength, cultivate two to three ten-billion-level new energy leading enterprises with international first-class level and 10–15 industry backbone enterprises with an income over RMB two billion. Thirdly, it is to further increase input in R&D. The R&D input ratio of leading backbone enterprises will be over 3%, and a series of invention patents will be obtained in some key technical fields.
2) The Administrative Measures for the Development and Trading of Forestry Carbon Sinks in Jiangxi Province (Trial) was issued by the Department of Ecology and Environment of Jiangxi Province in 2021. These measures apply to the development, declaration, review, trading and other work of forestry carbon sink projects within the administrative region of Jiangxi Province. Management responsibilities of all departments are clarified in the measures and related provisions are made for the management of forestry carbon sink trades and the third party audit, supervision and management.
3) The Statistical Statement System of the Department of Response to Climate Change in Jiangxi Province was formulated to improve the statistical accounting system for response to climate change. Third-party and fourth-party review systems for data of key emission units were mainly improved and the data verification of key emission units in eight industries was completed with high quality.
4) The Carbon Emission Trading Quota Pre-allocation Plan of Jiangxi Province was promulgated to regulate the data verification and quota pre-allocation of key emission units and their stable and orderly access to the national carbon market. The research of carbon peak and peak-reaching road map of 11 prefecture-level cities is completed in the scheme, with the tracking mechanism of carbon peak and peak path in the whole province established. In addition, the peak-reaching progress is updated in a real time way and tracked dynamically in the big data platform. Carbon neutrality, near-zero carbon emission demonstration zones, low-carbon tourism demonstration scenic spots, low-carbon counties and other pilot demonstrations are implemented for the purpose of exploring the peak-reaching paths in key areas and key fields.
5) The Interim Measures for the Management of Forestry Carbon Sink Projects of Jiangxi Province, the Rules for Forestry Carbon Sink Trading of Jiangxi Province, and the Methodology on the Carbon Sink Projects of Forest Management in Jiangxi Province were formulated to regulate the forestry carbon sink management system in the whole province.
6) A carbon trading work coordination group across 16 provincial departments was established in Jiangxi Province to strengthen safeguard measures with systematic thinking.
Ecological carrying capacity determines the limits of ecological loss, and thus determines the scale of a economy. So, “eco-loss quotas” is a key of construction of ecological civilization (Zhong, 2014). Under the joint effort of the Jiangxi Provincial People’s Government and enterprises in this province, Jiangxi has become the first in issuing the Guiding Opinions on Promoting Carbon Neutrality in Large-scale Events. In large-scale events such as the Fifth World Green Development Investment and Trade Expo and the Seventh National Low-carbon Day, a total of 10 carbon neutrality events were organized and 5,900 tons of carbon emissions were offset by forestry carbon sinks in Jiangxi Province. Counties with abundant forestry resources and concentrated poor populations were selected in the former Central Soviet Area such as southern Gansu for piloting carbon sink project development and establishing a model of forestry carbon sinks’ participation in carbon trading featuring “poor village development—consumption in large-scale events”, making forestry carbon sinks play an active role in ecological value conversion and poverty alleviation through ecology.
(7) In April 2022, the Jiangxi Provincial Committee of the CPC, and the Jiangxi Provincial People’s Government jointly issued the Opinions on Completely, Accurately and Comprehensively Implementing the New Development Concept and Doing a Good Job of Peak Carbon Dioxide Emissions and Carbon Neutrality, which proposes the goal of developing new energy in Jiangxi Province (see Table 3).
TABLE 3 | Breakdown of high-quality leap-forward development of new energy industry in Jiangxi Province, China.
[image: Table 3]In the Opinions on Completely, Accurately and Comprehensively Implementing the New Development Concept and Doing a Good Job of Peak Carbon Dioxide Emissions and Carbon Neutrality, Jiangxi sets its goal as follows: By 2030, the province will become a leader in comprehensive green transformation of economic and social development throughout the country; its key energy-consuming industries will reach the domestic advanced level; and the proportion of non-fossil energy consumption will see a steady increase. Regional energy consumption per unit of GDP will continue to decline; regional carbon dioxide emissions per unit of GDP will ensure the targets set by the state to be reached; the stock of living trees will reach 900 million cubic meters and the carbon dioxide emissions will peak and achieve a steady decline. Zou Wenjie thinks under the national common Frontier the innovation efficiency level of the eastern region’s high-tech industry is the highest, while that of the western region is the lowest (Zou et al., 2022). By 2060, advanced, efficient energy conservation and carbon neutrality pathways will be fully implemented; the province will lead the world in energy utilization efficiency; the proportion of non-fossil energy consumption will be 80 percent or above; the goal of carbon neutrality will be successfully realized to create a new environment featuring harmonious coexistence between man and nature.
CHALLENGE AGAINST PEAK CARBON DIOXIDE EMISSIONS AND CARBON NEUTRALITY IN JIANGXI PROVINCE
Tight schedule for realizing the goal of peak Carbon dioxide emissions
Environmental sustainability is the prime concern of global economies to avoid climatic adversities in the future (Yasir et al., 2022). In the international community, when pursuing economic development, some countries have achieved the goal of peak carbon dioxide emissions early in the 1990s and continue to promote carbon neutrality in the subsequent 60 years. As an undeveloped region in China, Jiangxi has slow economic growth and low total carbon emissions. Now, the province is undergoing a period of rapid growth and the new development pattern of the “dual cycle”. The industries transferred from the eastern coastal regions will be further accelerated and the rigid demand for energy will increase year by year. So, there should be a strong dependence on energy in order to enable Jiangxi to achieve rapid growth and the need to face extremely heavy tasks within a short period of time in order to achieve the goal of peak carbon dioxide emissions by 2030 and the goal of carbon neutrality by 2060. In addition, the 14th Five-Year Plan for Ecological and Environmental Protection (Draft for Comment) emphasizes that sufficient support should be given to some areas if conditions permit, and enable them to achieve the goal of peak carbon dioxide emissions first and the Beijing-Tianjin-Hebei Region, the Yangtze River Delta, Hong Kong, Guangdong and Macao, the National Ecological Civilization Pilot Zone, and relevant eco-friendly provinces should all stand at the forefront of peak carbon dioxide emissions. If Jiangxi Province wants to reach the goal as stipulated in the draft plan, the remaining time for the province will be less than 5 years, which means the province will face more severe challenges.
Limited space for CO2 emission increment
According to the 7 percent GDP growth plan for Jiangxi Province during the 14th Five-Year Plan period and the 19 percent binding index for the reduction of carbon emission intensity, Jiangxi Province should control the increase in CO2 emissions within the range of 2,700 t in the next 5 years. As seen from the special report issued by the Jiangxi Provincial Development and Reform Commission in November 2020, there will be 79 projects to be put into production in the first 3 years of this period, and the energy consumption to reach production capacity will exceed 50,000 tce. The new energy consumption will be about 18 million tce, and the calculated CO2 emissions about 47.88 million t. During the same period, the CO2 emissions in Jiangxi Province will tend to gradually increase, forming an extreme contradiction with the constraints of carbon emission intensity.
Difficulty in energy consumption structure adjustment
The need to improve national competitiveness and implement climate and energy strategies means that an energy-consuming country like China must rapidly enhance its green energy efficiency (GEE) and energy consumption structure (Ma and Co et al., 2022). Jiangxi Province must strictly control the consumption of coal and increase the utilization rate of new energy and the proportion of non-fossil energy if it wants to achieve the goal of carbon neutrality. However, this province features a relatively high external dependence due to its shortage of primary energy and insufficient energy supply. This is shown in the 90 percent external dependence for coal and 100 percent external dependence for oil and natural gas. The province mainly consumes traditional fossil energy such as oil and coal, resulting in a still high annual coal consumption percentage. According to statistics, the figure remained higher than the national average in 2019. The development of water resources, which has reached the upper limit, and the wind energy and solar energy resources, which development is lower than the national average, reflect the urgency of this province to adjust the energy consumption structure. Despite the abundant biomass reserves of the province, the available scale of biomass here is small and the province faces an unclear nuclear power construction situation, making it uncertain to achieve its goal of carbon neutrality. It is still difficult to fundamentally improve the energy supply situation and energy consumption structure within the short term if the province relies on the adjustment of its own energy structure only.
The urgent need of industrial institutions for low-carbon transformation
Peak carbon dioxide emissions represent the entry of the local economy into a period of high-quality development. Beijing is now the city that is closest to the goal of peak carbon dioxide emissions in China. In 2019, the ratio of the city’s primary to secondary to tertiary industries was 0.3:16.2:83.5. It was found that the share of the secondary industry in Jiangxi was almost 30 percent higher than that in Beijing but the share of the tertiary industry in Jiangxi was 36 percent lower than that in Beijing. So, Jiangxi remains to have a large space for improvement compared with Beijing in terms of the structure of the three industries. Industrial output is one of the sources of CO2 emission. The proportion of CO2 emissions in the industrial output of Jiangxi Province was as high as 81%. Currently, in terms of industrial structure, Jiangxi shows a very high proportion in the industrial structure and a relatively high proportion of energy consumption within the industry. In 2019, the energy consumption of the six segments with the highest energy consumption accounted for 87 percent and their added value was nearly 38.8 percent of the industry. Compared with the average industrial development, the proportion of added energy consumption in segments with high energy consumption was more than doubled. Jiangxi invests too much in industries with high energy consumption when pursuing economic growth, with a low energy utilization rate, though. So, Jiangxi needs to face great pressure to improve industrial energy efficiency when achieving the goal of peak carbon dioxide emissions.
Large difficulty in achieving Carbon neutrality
Jiangxi Province has a forest coverage rate of 63.1 percent, ranking second in China. However, it is still low in total carbon sinks. According to the results of the 2010 Report on the Greenhouse Gas List of Jiangxi Province, the total carbon sinks of the province were approximately 22 million tons, accounting for 14 percent of the total carbon dioxide emissions. Excluding the existing garden land, arable land and urban and rural buildings in the province, there is very limited space for carbon sink growth. It is unrealistic for Jiangxi to achieve the goal of carbon neutrality by relying on the province’s forest carbon sinks only. As of 2019, among the 3,782 kW of total installed capacity of electricity in Jiangxi Province, the installed capacity of thermal power reached 22.05 million kW and that of wind power and photovoltaic power even did not reach 10 million kW. Plus the limited total area of unused land, it will be still difficult to adopt centralized new energy in the future local economic development of Jiangxi Province. Distributed wind power and distributed photovoltaic power can also increase the installed capacity of new energy in the province to a certain extent. However, it is also unrealistic for the province to achieve the goal of carbon neutrality only by relying on new energy. During the 14th Five-Year Plan Period, Jiangxi Province still has the 7.32 million kW coal-fired units to be built. This installed capacity plan will further add the overall difficulty in achieving the dual carbon goals in the future.
PRACTICE FOR REALIZING THE DUAL CARBON GOALS IN JIANGXI PROVINCE
Accelerating industrial restructuring and upgrading
In order to promote the upgrading and restructuring of the energy industry structure in Jiangxi Province, it is necessary to optionally eliminate and resolve backward and excess types, optimize stock capacity, and strictly control industries with high energy consumption. The province should focus on competitive new energy industries, such as aviation, new materials, electronic information and technology, energy conservation and environmental protection, equipment guidance, etc. And implement the “2 + 6+N” industry high-quality leap-forward development action. Jiangxi should adjust its product structure plan, continue to improve production technology, implement the long-term industrial chain system, and strengthen and supplement the industrial chain to increase the added value of the industry. The province should develop towards the modern service industry, shift its development direction from production service to high-end value chain, ensure diversified and high-quality upgrading and development of life services, promote the further integration of advanced manufacturing industry and modern service industry, increase the share of the service industry in the tertiary industry of the province, and advance the deep integration of digital industrialization and the real economy.
Making every effort to build a green, low-carbon energy system
The total energy consumption should be strictly controlled in order to promote the transformation and development of the low-carbon energy structure in Jiangxi Province. The “dual-control” system may be implemented for coal consumption projects and strict examination and approval regulations may be formulated. In particular, for new coal-fired power plant projects, it is stipulated that low-efficiency coal-fired power units below 600,000 kW may not be put into production, thereby effectively reducing the proportion of coal consumption. It is necessary to push the transformation and upgrading of the existing power plant units, promote energy-saving and innovative production technologies, shorten the gap from the international advanced production technology, and reduce coal consumption for power supply. The “coal-to-gas conversion, coal-to-electricity conversion” projects should be carried out to increase the utilization of residual pressure and residual heat and the construction of clean energy, such as solar, hydro, wind, biomass, etc. The application of “PV+” power generation innovation technology should be explored so that wind power and energy storage can be combined with photovoltaic power generation. With reference to China’s overall strategic deployment plan for peak carbon dioxide emissions and carbon neutrality, Jiangxi will start in good time the construction of the Jiujiang Pengze Nuclear Power Project in Jiangxi Province. By 2030, the proportion of primary energy consumption in non-fossil energy consumption will account for about 25 percent.
Continuing to improve the utilization rate of energy resources
Jiangxi Province should accelerate the upgrading and transformation of low-carbon technologies in traditional industries such as cement, steel and chemistry in Jiangxi Province, improve production technologies and management, and promote the development of industries with high emissions and high energy consumption, such as cement, steel, petrochemical and non-ferrous industries so as to achieve the goal of peak carbon dioxide emissions early by 2025. Energy-saving technologies should be promoted in Jiangxi Province and the promotion and application of energy-saving technologies in the industry should be expanded to improve the overall energy efficiency. The province should implement a strict energy consumption access system and conduct energy conservation assessment and carbon emission assessment of fixed asset investments, striving to control carbon dioxide emissions from the source and the total CO2 emissions. Jiangxi should also establish strict energy consumption standards and carbon emission systems, striving to achieve energy conservation and emission reduction in an all-round way and improve the low-carbon level of regional enterprises. Additionally, it is also necessary for the province to develop a green circular economy, promote the application of new energy technologies and utilize resources that can be recycled for the production of waste gas materials. The industrial sector can adoptsthe Best Available Technologies (BAT) by the International Energy Agency (IEA) tosave energy and reduce carbon emissions. (Lu and Zhu., 2013).In this way, the application of products with high conversion rates will be promoted and industrial restructuring and upgrading will be promoted in the province through the construction of technologically advanced new energy projects.
Establishing an energy policy framework for peak Carbon dioxide emissions and Carbon neutrality in Jiangxi province
1) Identifying government functions. Peak carbon dioxide emissions and carbon neutrality fall within the scope of the strategic goal of addressing global warming concerns and are closely related to all aspects of national social and economic development. The implementation of the carbon emission reduction target is bound by international conventions and involves many issues such as international integration, international negotiation, and the implementation of conventions, carbon emission reduction and control of other greenhouse gases. In order to cope with climate change and achieve the strategic goals of peak carbon dioxide emissions and carbon neutrality, it is necessary to systematically change the original policy framework for responding to climate change, which is different from the previous work on climate change. So, the focus of the reform is to give full play to the role of the government in macro planning. The government occupies a pioneering, priority and dominant position in the low-carbon transformation and development of society. Thus, the specific functions of government departments and agencies in achieving the goals of peak carbon dioxide emissions and carbon neutrality should be regarded as the core of the reform.
First of all, targeted adjustments should be made in light of the functions of governments in Jiangxi Province and they are to adjust the economic structure in essence. It is necessary to adjust the economic structure before the leading role of relevant government departments and agencies is played. During the process of realizing its dual carbon goals, Jiangxi should adjust its original energy conservation and emission reduction related systems and the functions of its government departments, form a correct awareness of the importance of the rule of law, strictly implement each legal regulation, and govern the country strictly for realizing strategic goals. Secondly, it is of particular importance to issue laws and regulations for achieving the dual carbon goals and addressing climate change. Nevertheless, legal regulations are based on legal systems only. So, the overall framework for the government’s governance work should be clearly identified to improve the legal systems and guarantee the smooth implementation of each legal system. Otherwise, even if legal systems are promulgated, it is impossible for them to be implemented in the governance practice of the governments of Jiangxi. So, it is especially necessary to identify the specific functions of the government departments in achieving the dual carbon goals.
2) Strengthening top-level policy design. It is suggested that Jiangxi should issue top-level policy documents and regard high-level work deployment as the guide to achieving the dual carbon goals so as to fully reflect the important guiding role of this province in addressing climate change. In the top-level policy documents, the guiding work needs to include: overall work requirements, work ideas, implementing principles and ultimate objectives for achieving the dual carbon goals; the bottom principle lines that cannot be touched in practice; adjusting the economic structure of industries in Jiangxi Province, with a focus on the low-carbon transformation of industrial structures for energy, industry and transportation; vigorously developing new business formats, and adjusting the consumption structure; and the responsibility of the central government and local governments of Jiangxi as main participants to establish the work system and policy guarantee for achieving the dual carbon goals. It can be understood that in the governance work, the governments of Jiangxi Province should supplement the deficiencies for achieving the dual carbon goals, adjust unreasonable systems and mechanisms and identify the guiding thought for coping with climate change. For Jiangxi, whether to achieve the short-term peak carbon dioxide emissions goal or to achieve the long-term carbon neutrality goal, it is necessary to guarantee the linkage between the two goals and adopt a combination of a tough battle and a protracted battle. The tasks should be implemented steadily rather than being accomplished in one stroke.
3) Improving the indicator system. Jiangxi should establish a multi-level indicator system on the path to achieving the dual carbon goals. In the contents of the system, some are binding and some are instructive. First of all, it is necessary to further understand and correlate the indicators related to peak carbon dioxide emissions and carbon neutrality given in international conventions and classify these indicators into target, measures and guarantee indicators. Secondly, it is necessary to further refine related indicators in international conventions. NDC is subject to certain constraints in the formulation of indicators due to the different conditions of all localities. In this way, the guiding role of indicators in international conventions can be played. In combination with the actual conditions of Jiangxi Province, the existing indicators for energy conservation and emission reduction measures should be analyzed and studied. On top of that, new indicators should be formulated to replace the original replaceable indicators or integrate and establish a new indicator system. However, when improving the system for peak carbon dioxide emissions and carbon neutrality, Jiangxi should avoid the transitional correlation of individual indicators so as to effectively reduce the utilization costs. Take the high-quality new energy development evaluation indicator as an example. There is no need to give priority to measuring the utilization rate of power generation; instead, it is necessary to establish a comprehensive evaluation indicator system (see Table 4). According to the table below, the high-quality development of new energy in this province can be refined into multi-dimensional evaluation to help new energy develop in a sustainable and sound way. This indicator represents a comprehensive consideration of the progress of Jiangxi’s realization of the dual carbon goals by 2025, 2030, 2035, 2050 and 2060, with a focus on 5-year and 10-year goals. That is because it is necessary to ensure the formulation of various indicators has the actual conditions as the basis with the progress of social development. Besides, the formulation of international conventions should also keep pace with the times. In particular, long-term goals should not be excessively detailed.
TABLE 4 | High-quality new energy development evaluation indicator system.
[image: Table 4]4) Scientifically calculating emissions. It is necessary to scientifically calculate the CO2 emissions, take into account and calculate the CO2 emissions of countries, regions, industries and enterprises, whether the peak and neutrality have been reached, and whether to calculate man-caused emissions and removals so as to complete the calculation of the net value of CO2 emissions. Due to the difference between direct CO2 emission and indirect emission, it is necessary to guarantee the scientificness and authority of the method used when calculating CO2 emissions. Care must be taken to avoid omissions or duplication of calculation. Additionally, attention should be paid to whether there will be a “punitive” default value due to insufficient parameters related to the actual measurement of CO2 emissions during the calculation process, which would affect the accuracy of the calculation results due to human factors. It is necessary to strictly refer to the calculation requirements proposed in the Paris Agreement, such as transparency, integrity, consistency and accuracy, when calculating CO2 in Jiangxi Province.
5) Building a low-carbon transportation system. Buses should be given priority to when promoting the low-carbon construction of public transportation infrastructure in Jiangxi Province. Urban walking and cycling transportation systems may be established to increase the sharing rate of travel. A green travel system of “public transport + cycling/walking” may be listed as a priority for improvement. The CO2 emissions from locomotive fuels should be effectively controlled. Clean power vehicles should be fully popularized in Jiangxi Province. A new energy vehicle development policy system should be built and the promotion and implementation of this policy system should be expanded. Great efforts should be made to build fast charging piles and centralized charging piles. Intelligent transportation should also be developed to improve the management of modern transportation services in Jiangxi Province and further optimize and improve the existing transportation network. The proportions of water transportation and railway transportation may be increased. The publicity and promotion of green, low-carbon travel should be expanded. Local residents of Jiangxi should be encouraged to adopt low-carbon travel and reduce CO2 emissions from the source.
6) Selecting the optimal path for peak carbon dioxide emissions and carbon neutrality. When the pressure that Jiangxi Province can face for achieving the dual carbon goals is considered only, the sooner the goal of peak carbon dioxide emissions is reached and the lower the peak is, the faster the decline will reach. Accordingly, the pressure to realize the goal of carbon neutrality will be lowered. So, the optimal path to achieving the goal of carbon neutrality is to find the optimal path by considering multiple factors. Technological innovation represents a decisive factor for identifying such an optional path. The continuous innovation of science and technology has been followed by reduced energy transformation costs. Technological transformation will affect the trend of carbon prices to a large extent. On the one hand, prices will rise due to the requirements for an increase in emission reduction but drop under the impact of carbon emission reduction technologies. So, prices will tend to fluctuate dynamically. Full integration of upstream and downstream industrial chains in Jiangxi Province should be made by encouraging further linkage among new energy manufacturers and realizing. Also, industry alliances should be established to help create a highland for the new energy industry. It is necessary to strengthen cooperation, establish a supporting cooperation model, increase the proportion of applications for new energy technologies, and successfully build a new energy system.
CONCLUSION
In conclusion, making steps in peak carbon dioxide emissions and carbon neutrality in the new era is one of the important tasks of Jiangxi Province at present and in the future and also the main driver for vigorously lifting the economic level of the province and realizing the high-quality transformation of its society during the 14th Five-Year Plan Period. When realizing the strategic dual carbon goals, it is necessary to realize that this is a project with a long timeline and involves various aspects of social development. The overall layout of the concept of ecological civilization should be clarified under the guidance of the overall national strategic goal. It is essential to deploy the actions towards the goal of peak carbon dioxide emissions, properly formulate the ideas for achieving the dual carbon goals, accelerate industrial transformation and upgrading, make every effort to build a green, low-carbon energy system, continue to improve the utilization rate of energy resources and solve the challenges against the achievement of the dual carbon goals. The challenges include a tight schedule for achieving the goal of peak carbon dioxide emissions, limited CO2 emissions increment space, difficulty in adjusting the energy consumption structure, urgent need for low-carbon transformation of industrial institutions and large difficulty in carbon neutrality. Also, it is necessary to establish an energy policy framework that applies to Jiangxi, identify government functions, strengthen top-level policy design, improve the indicator system, scientifically calculate emissions and jointly promote the province to achieve the dual carbon goals. The method path proposed in the Paper is a rough framework, and further refinement of rules is needed for the execution and implementation of policies. Future research direction of the Paper is to explore how to satisfy the overall completeness and mutual exclusion between individuals, further refine relevant policies and put specific policies into practice, verify the feasibility of views. However, this can be addressed by the future research, and can thus be taken as the limitation of this study.
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The cities dynamics and structures can be vital to attract foreign direct investment. Therefore, foreign investors prefer cities where they are confronted to lower volume or none of unexpected happening. The civilized locality is likely to be supportive in the operations of any business activity rendered by local or foreign firms. As the “highest honor” in the selection of cities, civilized cities have an important impact on attracting foreign direct investment. The paper attempts to evaluate the civilized cities as a quasi-natural experiment, and uses the staggered difference-in-difference model to evaluate the effect and mechanism of civilized cities evaluation on the FDI of selected cities. The results show that the honorary title of civilized city has a reputation of cumulative effect, and can significantly increase the scale of foreign direct investment in the city independent of the brands of low-carbon city, smart city, innovative city and pilot free trade zones. The three main ways to attract foreign investments can be materialized through enhancing urban infrastructure, attracting labor inflow and improving science and technology innovation.
Keywords: civilized city, foreign direct investment, cumulative effect of reputation, staggered difference-in-difference model, China
1 INTRODUCTION
The Chinese foreign direct investment (FDI) exceeded to a trillion Yuan for the first time during 2021. The global FDI flows rebounded strongly, and are expected to exceed the levels seen before the New Crown epidemic, and UNCTAD forecasts that the outlook for global FDI growth in 2022 remains optimistic. During 2020, while FDI in many countries around the world almost fell sharply due to the new crown pneumonia epidemic, Still China capitalize well the FDI and the same increased to United States$212 billion, an increase of 14%, that made the country as the top ranked FDI country in the world.
The level of foreign direct investment in China has continued to rise in the last 20 years (see Figure 1), but the problem of uneven regional investment distribution is becoming increasingly prominent, which is not only manifested between different regions or provinces, but also between cities. Therefore, a comprehensive and in-depth analysis of the uneven distribution of FDI utilization in Chinese cities plays an important role in solving the unbalanced development of domestic regions and promoting stable and sustainable socio-economic development (Lan et al., 2019; Jahanger et al., 2022; Yao & Ma, 2022).
[image: Figure 1]FIGURE 1 | Trend of actual utilization of foreign direct investment in China.
[image: Figure 2]FIGURE 2 | The theoretical mechanism of this paper is shown in Figure 2.
In recent years, China has carried out the selection of national civilized cities, low-carbon city pilot policies, smart cities and innovative cities. Perhaps after evaluation the civilized cities are regarded as the most valuable city brands due to the complex measurement system and strict assessment criteria (Q. Chen & Mao, 2021; Q. Yang & Song, 2019). By 2020, a total of 146 prefecture-level cities have been awarded as civilized cities in six batches nationwide, a much higher number than in other city competitions (Q. Chen & Mao, 2021; Zhao & Wang, 2021). Civilized cities promote the progress of urban civilization in three aspects: “material” civilization, “human” civilization, and “institutional” civilization, and the government promotes the progress of urban civilization by investing financial resources, administrative authority, human resources, and social quality resources. By investing financial resources, administrative authority, human resources and social quality resources, the government aims to reduce transaction costs, create profit sources and promote the economic growth of the city (Lee et al., 2020). So, can the honorary title of civilized city further promote the stable growth of foreign direct investment? Does maintaining the honorary title of civilized city help attract FDI more? What is the mechanism by which the honorary title promotes the growth of FDI? Do differences in the financial level, administrative rank and geographical location of civilized cities affect the attractiveness of FDI? Answering these questions will provide a new perspective on how to attract high-quality foreign investment in areas that are not yet rated as civilized cities, and provide a basis for how civilized cities can sustain the introduction of high-quality foreign investment (Jiang et al., 2022).
Therefore, this paper will focus on the following ideas: firstly, analyzing the mechanism of civilized city honorary title affecting foreign direct investment from the policy background; secondly, constructing a multi-period double difference model based on panel data of 234 prefecture-level cities in China from 2007-2017 to test the impact of civilized city honorary title on foreign direct investment; thirdly, testing the mechanism of civilized city affecting urban foreign direct investment; and finally, proposing policy recommendations to attract foreign direct investment from the perspective of creating civilized cities.
Figure 1 depicts that the FDI inflow to civilized cities in China is increasing from 2001 to present. This confirms that FDI first choice is always cities human, institutions and materials are civilized.
2 LITERATURE REVIEW
Studies on the factors influencing foreign direct investment (FDI) have mostly focused on the Eclectic Theory of International Production (OLI) and the New Economic Geography Theory (NEG). Since Dunning (1977) proposed OLI, the issue of location choice of FDI has been widely discussed in academic circles. Early studies mostly focused on the impact of location factors such as market size, infrastructure, and labor cost on FDI. First of all, the essence of FDI is the location of manufacturers, and the main goal of investors is to occupy the host country market, as a guarantee of demand, market size is one of the primary considerations of investors (Glickman & Woodward, 1988). Secondly, as a prerequisite for the development of production and business activities, the sophistication and completeness of infrastructure is also an important factor affecting the location of foreign investment (Coughlin et al., 1990; Loewendahl, 2001). Conclusions on the impact of labor costs on foreign investment entry have not been unified, with one view advocating that rising labor costs inhibit foreign firms’ willingness to invest (Graham & Wada, 2002; Duanmu et al., 2022), while the other view suggests that high wage levels imply high human capital and high market potential, which are signals to attract foreign investment inflows (Akinlo, 2004). In 1991, Krugman (1991) New Economic Geography (NEG) theory analyzed the impact of agglomeration economies and increasing returns to scale on manufacturers’ spatial economic activities from a microscopic perspective. Agglomeration can bring down the average production cost, which in turn generates external economies of scale and exemplary effects on the next foreign direct investment decision. While, Y. J. C. e. r. Chen (2009) and Usman et al. (2021) found that the agglomeration effect of FDI in China is significant. European and American manufacturing companies tend to adopt an “agglomeration” strategy to capture the market (Pei et lal., 2021).
In addition to the influencing factors mentioned above, institutional factors are also one of the factors that cannot be ignored when foreign investment is made. Foreign scholars earlier examined the impact of host country institutional environment on multinational enterprises’ investment Froot and Stein (1991), after which some studies confirmed that the host country’s institutional environment and policy normativity determine the attractiveness to their foreign investment (Choi et al., 2016; Bailey, 2018). Domestic scholars have examined the impact of changes in the institutional environment caused by pilot policies on FDI (Ruiming & Renjie, 2016). City selection activities such as smart cities NIE and LIU (2019), innovative cities Ge and Dong Ming (2021), and low-carbon cities Liu et al. (2020) all affect the location choice of foreign investment. However, little literature is available to provide empirical evidence on the impact of civilized city pilot policies on FDI.
Being awarded as a civilized city will promote the development of the city through the signal effect, scale effect, structural effect and livelihood effect. The signaling effect of civilized cities is mainly reflected in two aspects, one is the incentive effect on the promotion work of local officials. The successful creation of civilized cities will be recognized and honored by the central government as an important signal for national value allocation work (Bach, 2010; Wu & Change, 2017; L. J. T. A. R. o. P. A. Yang, 2019). On the other hand, it is an attractive effect on the labor force. Zhu et al. (2021) found that civilized cities imply a high level of infrastructure, culture and education, and social security, which are important signals to attract labor inflow. The scale effect of a civilized city is reflected in the fact that the process of creating a civilized city is a process of improving the overall construction level of the city and releasing the economic vitality of the city, and the brand effect of a civilized city can further pull the local economic and social development (Iefymenko & Innovation, 2020; Mather et al., 2020). The structural effect is demonstrated by the fact that civilized cities can provide a good external environment for the high-quality development of enterprises (Zhang et al., 2018; Zheng et al., 2021). By strengthening environmental regulations after being awarded as a civilized city, all people are mobilized to participate in improving local infrastructure construction, promoting technological innovation and industrial structure upgrading, and thus optimizing environmental quality (Q. Chen & Mao, 2021). The people’s livelihood effect, on the other hand, is manifested in the fact that being elected as a civilized city can improve the living environment, increase job opportunities, and improve people’s livelihood (Gong F. et al., 2018; Peng P. et al., 2018). However, combing through existing studies reveals that few scholars have examined the policy effects of foreign direct investment in civilized cities that have been awarded the title.
While promoting local governments to compete for political performance, the civilized city competition also focuses on the investment of social governance resources and the scientific allocation of public power to achieve balanced local economic and social development (Cashore, 2002; Tang et al., 2014). However, existing studies rarely focus on the relationship between FDI and civilized cities at the same time. This paper will explore new paths to attract FDI around the quasi-natural experiment of being rated as a civilized city, and provide inspiration for continuing to promote civilized city selection as well as attracting FDI. Compared with existing studies, this paper has the following main differences: 1) The relationship between civilized city selection and FDI is explored for the first time in terms of research perspective. Compared with city evaluation activities such as low-carbon pilot cities, smart cities and innovative cities, civilized cities are the products of advanced stages of economic development, and as the honorary title of cities with the highest comprehensive level, the title has a significant positive effect on FDI. According to the cumulative effect of reputation, it is found that maintaining the honorary title is more helpful to attract foreign investment. 2) Based on the Eclectic Theory of International Production, the mechanism of attracting FDI in civilized cities is analyzed from three perspectives: market internalization advantage, location advantage and ownership advantage. It is found that civilized cities can influence FDI through enhancing infrastructure construction, attracting labor inflow and upgrading science and technology innovation. 3) In terms of model design, considering the characteristics of multi-batch and progressive promotion of civilized city selection activities, we further control for trend changes due to treatment time length and treatment queue heterogeneity, and construct a staggered difference-in-difference model to represent the impact of being awarded the honorary title of the civilized city on FDI. 4) In terms of research content, the policy effects of low-carbon pilot cities, innovative cities and smart cities on FDI are compared and analyzed, and heterogeneity is analyzed around the financial level, administrative rank and geographical location of cities.
3 POLICY BACKGROUND AND IMPACT MECHANISM
3.1 Policy background
With the accelerated urbanization process, China’s population has shifted from rural areas to cities in large numbers, and the construction and accumulation of urban civilization has been incorporated into the government management. The Central Steering Committee for the Construction of Spiritual Civilization has launched a civilized city selection campaign, aiming to call for active activities to create civilized cities. The national civilized city (prefecture-level city) measurement content can be broadly divided into eight categories: government, legal system, market, humanities, life, social and ecological environment and working mechanism. Among the measurement indicators affecting business investment decisions include: improving the administrative approval system, reducing approval matters, strengthening the construction of the Internet government information and data service platform, establishing credit information interoperability and exchange and sharing platform, etc. Local governments are bound to take these indicators as a grip in the process of innovating civilized cities to create a good external environment needed for enterprise investment. Therefore, these indicators provide a typical factual basis for this paper to study the mechanism of creating a civilized city to influence foreign investment decisions. In addition, the dynamic adjustment mechanism of national civilized cities ensures the long-term validity of the selection policy and releases strong and reliable signals for enterprises’ investment decisions. 2005 to 2020, the Central Civilization Commission announced the results of a total of six batches of national civilized cities selection. This paper takes this as an example to study whether being selected as a national civilized city can motivate foreign investment.
Since the reform and opening up, China has provided preferential subsidy policies for foreign enterprises by taking advantage of its own resources (Jinping, 2004). China has achieved from initial exploration to high-quality development in attracting foreign direct investment, the state has gradually established and improved various policies on foreign direct investment, the means of attracting foreign investment has shifted from preferential policies to investment facilitation, and the management of foreign investment has shifted from focusing on scale to both quantity and quality. In recent years, the state has also issued a series of policies to deepen the opening to the outside world, increase investment efforts, deepen the reform of investment facilitation and protection of the legitimate rights and interests of foreign investment, and other aspects of stable foreign trade and stable foreign investment initiatives to further facilitate foreign-invested enterprises.
The above policy background reveals that there are two points of interaction between the policy of creating civilized cities and the policy of foreign direct investment. First, the timing is that China’s accession to the WTO coincided with the transition period when the idea of civilized cities was moving from theory to practice, and the level of FDI in China was steadily increasing during that period, and the pilot work of civilized cities was in full swing Table 1. Second, policy-wise, investment facilitation mainly emphasizes on simplifying the investment process, mostly through optimizing the regional business environment Yabin (2016), which is also an important element of government management innovation and the “management and service” reform. Creating a national civilized city is to further create a beautiful urban environment, improve social management, and provide quality services to optimize the business environment (Wen et al., 2021). The above analysis shows that civilized cities and foreign direct investment have high coupling in terms of time and policy, which in turn inspires this paper to explore in depth the impact of the honorary title of civilized cities on foreign direct investment.
TABLE 1 | Parallel trend tests.
[image: Table 1]3.2 Impact logic analysis
Reputation, as an intangible asset for long-term survival, needs to be built up gradually by investment and will fade away if it is not maintained (Tadelis, 1999). Reputation information theory states that “reputation information is transformed and disseminated among various stakeholders, forming reputation information flows, systems, and even networks that can effectively limit information distortions, increase transaction transparency, and improve market efficiency, thereby reducing transaction costs”. The signaling mechanism of the reputation system centralizes and reports the information of past transactions and effectively links it to the utility of the current stage and the future stage, and the good reputation of the current stage also means the high utility of the future stage (Mailath, 1998). Therefore, reputation signals have a certain cumulative effect. Only cities that have passed the re-evaluation for three consecutive years are awarded the title of “Civilized City Pacesetter”, while individual regions with outstanding problems are given warnings or even have their honorary titles revoked, and are subject to sanctions that have an extremely negative impact on the city’s reputation. The process of receiving the honorary title of the civilized city is the accumulation of regional reputation signals, and the punishment mechanism of “one vote no” for a civilized city is a kind of reverse incentive for the elected city, forcing the local government to strengthen self-restraint to continue to maintain the welfare effect brought by this intangible asset and maintain the healthy operation of the market. At the same time, the reputation signaling effect of the honorary title will bring high-quality resources and innovation factors to the city, which is also an important factor influencing the inflow of foreign capital. Accordingly, Hypothesis 1 is proposed.
Hypothesis 1. The honorary title of a civilized city helps to attract the inflow of foreign capital, and keeping the honorary title will have a stronger effect on attracting foreign capital.
3.3 Mechanism analysis
As a typical non-economic championship, civilized cities have a wide social influence in China, and the impact of non-economic championships on the city economy is mainly achieved through optimizing the business environment. The honorary title of the civilized city itself conveys the signal of a beautiful environment, complete facilities and high-quality services to the outside world, which is an important factor to enhance the attractiveness, influence and overall value of the city. “If you bloom, butterflies will come”, the city’s soft and hard strength together to improve, to attract foreign investment, high-end talent, advanced technology has a vital role. The success of creating a civilized city as an important carrier to optimize the business environment will directly affect the number of foreign investment introductions and the level of future economic development (Wen et al., 2021). The following will analyze the mechanism of civilized city honorary title influencing foreign direct investment from market internalization advantage, location advantage and ownership advantage, respectively.
3.3.1 Infrastructure development
The advantages of market internalization are mainly in reducing and diversifying risks, reducing transaction costs and information costs caused by uncertainty in the transaction process. The completeness of information infrastructure construction and the convenience of transportation construction reduce transaction costs to a certain extent and determine the flow of capital. The indexes of “urban planning and construction” and “urban management and public services” are set up in the index system of civilized cities, which include urban infrastructure, public transportation, digital construction, etc. Infrastructure construction not only provides cities with production factors required for economic development, but also reduces spatial transportation costs and transaction costs for the production and sale of products and access to factors, provides a favorable hardware and software environment for enterprise development and industrial agglomeration, creates a convenient business environment, improves regional competitiveness, and enhances the attractiveness of foreign direct investment (Chen et al., 2020). Civilized cities with relatively complete infrastructure construction and relatively high level of public services are more likely to attract foreign investment inflows.
3.3.2 Labor inflow
The Eclectic Theory of International Production suggests that direct investment in general tends to target lower labor cost regions in search of cost advantages. Population migration theory suggests that the economy, culture, and service supply of incoming places will pull labor at the macro-level (Van Hear et al., 2018; Van Hear et al., 2018). Civilized cities have set up assessment indicators such as “maintenance of citizens’ rights and interests” and “national education” in the assessment index system, and their honorary titles imply a relatively fair, stable, and comfortable living environment, which demonstrates a high level of urban governance and public services to the labor force. The honorary title means a relatively fair, stable and comfortable living environment, which demonstrates to the workforce a high level of urban governance and public services. Civilized cities can provide medical care, education, housing and employment conditions, which are important signals to attract labor inflow (Xia & Lu, 2015). The inflow of labor will bring high-quality talents, further reduce the average production cost of labor, and provide convenience for foreign enterprises (Fan & Hao, 2020; Zheng et al., 2021).
3.3.3 Level of scientific and technological innovation
Ownership advantage means that a region has or can obtain advantages that other regions do not have or cannot obtain, including regional technological advantages. The indexes of civilized cities set the indicators of “R&D expenditure as a percentage of GDP”, “expenditure on science and education” and “international Internet penetration rate” to measure the city’s technological this means that to create a civilized city, the government must pay attention to high-tech investment and the city as a whole must have a higher innovation capacity (Johnson, 2008). Being rated as a civilized city can lead to the relocation and concentration of factors such as high technology and high-level talent, promote technological innovation, lower production costs for enterprises to improve production efficiency, optimize the business environment, and thus improve the core competitiveness of the city to seize the advantage in high-quality competition and attract high-quality foreign investment inflows (Da-xue and Lian-ju, 2010; Dirks et al., 2010). Through the above analysis, the following Hypothesis 2 is proposed.
Hypothesis 2. The civilized city selection campaign can optimize the city’s business environment to attract foreign capital inflows by taking advantage of market internalization, location and ownership, mainly in three aspects: enhancing city infrastructure construction, attracting labor inflows and upgrading science and technology innovation.
4 RESEARCH DESIGN AND DATA DESCRIPTION
4.1 Data source and processing
Since 2005, civilized cities have been selected six times, and a total of 146 prefecture-level cities have been awarded the title of civilized cities. Considering the data availability, the time range of the study is fixed at 2007–2017, and the sixth batch of awarded cities are not included. Also referring to the studies of Hu and Shi (2021), and Jin et al., 2020, the nine civilized cities evaluated in the first batch were excluded, considering that the first batch of civilized cities was selected earlier and the selection criteria and norms were not yet perfected. Referring to the study by C. Zhang et al., 2021, considering that the fifth batch of civilized cities was announced in November 2017, the implementation time within the sample period was less than 1 year, which may not reflect the actual effect of the policy, so they were excluded from the sample. Finally, county-level cities, municipalities directly under the central government and cities with more serious data deficiencies are excluded. That is, this paper finally uses data from 234 prefecture-level cities from 2007–2017, with a total of 59 civilized cities in three batches selected in 2009, 2011, and 2015 as the experimental group and the remaining prefecture-level cities as the control group for empirical analysis. The experimental group and the control group are widely distributed in all provinces (regions) in China, and there are large differences in economic, industrial and other development levels, which can better avoid sample selectivity bias.
4.2 Model design
Given that the civilized city selection activity is progressive, the experimental groups in the sample receive treatment at inconsistent times, presenting multiple cohorts, and this study contains three batches of approved civilized cities, denoted by C = 1, 2, and 3. The heterogeneity of the treatment effects across time is due to the staggered timing, and thus the estimation bias. Therefore, under the premise that the experimental and control groups satisfy the assumption of parallel trends, this paper further controls for trend changes due to treatment duration and treatment cohort heterogeneity by referring to Goodman-Bacon (2021) and De Chaisemartin and d'Haultfoeuille (2020) constructs the following model to represent the effect of being awarded the honorary title of the civilized city on foreign direct investment.
[image: image]
where i and t denote city and time, respectively; [image: image] denotes the city FDI size; [image: image] refers to the longest duration for which cohort c receives treatment, [image: image] is an indicator variable indicating whether an observation belongs to cohort c while receiving treatment in period p; [image: image] denotes the average treatment effect in period p for cohort c; [image: image] is a series of control variables, and [image: image] is a random error term. In addition, this paper controls for both city fixed effects [image: image], year fixed effects [image: image], and treatment group fixed effects [image: image]. The overall average treatment effect (i.e., including all treatment cohorts and durations) is given by:
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4.3 Variable descriptions
4.3.1 Explained variables
Foreign direct investment (FDI). The actual amount of foreign investment utilized by cities in the current year is chosen to be measured, converted to RMB and price deflated according to the average exchange rate of previous years while taking logarithms to avoid problems such as heteroscedasticity.
4.3.2 Core explanatory variables
Civilized city policy variables (DID). Based on the list of approved civilized cities released by “China Civilization Network”, a policy dummy variable is constructed to portray the impact of the honorary title of the civilized city on FDI, which takes the value of 1 in the year when the civilized city is awarded, i.e., the year after, and 0 vice versa.
4.3.3 Control variables
Based on the research of scholars such as C. Wang et al. (2022), relevant variables were selected to control for city-level influencing factors, mainly including economic level (GDP), intensity of government fiscal expenditure (GOVERN), degree of financial development (FINANCE), investment in real estate development (ASSET), propensity to consume (APC), human capital (QLAB), industrial structure (INDUSTRY), capital-labor ratio (K/L), topographic relief (DEGREE), and fiscal balance ratio in 2007 (FISCAL_RATIO07). Except for the civilized cities policy variables, which were obtained from the list of civilized cities published by “China Civilization Network”, the data of the remaining variables were obtained from the China City Statistical Yearbook, China Regional Economic Statistical Yearbook and provincial statistical yearbooks. The names, calculation methods and statistical indicators of all variables are shown in Table 2.
TABLE 2 | Descriptive statistical analysis of the variables.
[image: Table 2]5 EMPIRICAL RESULTS AND ANALYSIS
This firstly presents the results of the benchmark regression test for foreign direct investment in civilized cities with the honorary title, followed by a parallel trend test and a series of placebo tests to further prove the robustness of the benchmark regression results, and then examines the mechanism of the role of civilized cities with the honorary title in foreign direct investment in three aspects: infrastructure construction, labor inflow and science and technology innovation level. Finally, the heterogeneity of the sample is tested by grouping with the financial level, administrative level and geographical location of cities.
5.1 Baseline regression results
In this paper, a staggered difference-in-difference model is constructed to test the impact of civilized city honorary title on foreign direct investment, and Table 3 shows the regression results of model (1). Columns 1) and 2) are the results of uncontrolled treatment length and treatment cohort heterogeneity estimation, and columns 3) and 4) are the results of controlled treatment length and treatment cohort heterogeneity estimation.
TABLE 3 | Baseline regression results.
[image: Table 3]The preliminary results confirm that the honorary title of the civilized city has a significant positive effect on foreign direct investment. The title of the civilized city does not happen overnight, and most of the cities need to participate for several consecutive terms to be awarded the title, which implies that the city has a high comprehensive development strength. The impact on foreign direct investment is firstly on the economic level, the prerequisite for the evaluation is to maintain economic development for two consecutive years above the national average, and economic factors are the primary consideration for foreign investors to choose the investment location, so the high level of economic development of civilized cities with high quality also provides a market guarantee for foreign enterprises. In addition to the assessment of the city’s economic development level, the development of public services, labor force employment and social security are also important elements of the assessment. The honorary title of civilized city conveys to the outside world the improvement of the city’s governance ability, as well as the improvement of the “hard environment” such as infrastructure and municipal construction, and the “soft environment” such as public services and ecological civilization. All of the above conditions will have an important impact on the location choice of foreign investors, who prefer to choose areas with a high level of economic development to ensure market demand, and also prefer to choose areas with sufficient supply of production materials to ensure the development of production and business activities. Therefore, civilized cities are more likely to attract foreign investors as cities with a higher level of comprehensive development.
5.2 Test of the cumulative effect of reputation
Considering that the honorary title of the civilized city is granted in batches, this study takes the second, third and fourth batches of approved cities as the main research subjects. Is there any difference in the effect of the honorary title of civilized cities on attracting FDI from different batches? Is there a cumulative effect of reputation on the honorary title of civilized cities? In order to test the above questions, this paper examines the effects of different batches of civilized city honorary titles on foreign direct investment respectively.
From the results in Table 4, it can be witnessed that the influence of the honorary title of the civilized city on foreign direct investment satisfies the cumulative effect of reputation. All three batches of civilized city honorary titles have a significant positive effect on foreign direct investment, but the coefficients of the third and fourth batches of civilized city honorary titles have a decreasing effect on foreign direct investment compared to the second batch of civilized cities. As an intangible asset and resource that cannot be ignored, the reputation of a city is essentially a reflection of its comprehensive service level. The reputation effect will force the city to strengthen the economic and civilization construction and improve the government service level. The annual review will provide a reverse incentive to the city’s public services and administrative supervision, help improve market operation efficiency and transaction transparency, and reduce transaction costs. And under the reputation effect, civilized cities with a better social image are more likely to obtain high-quality resources, reduce information search and screening costs, and ease financing constraints to enhance regional production efficiency. At the same time, the central and local governments hope that the first-awarded cities can play a “demonstration effect” for the second-awarded cities and provide experience for them to learn from, and this “demonstration effect” will also provide great incentives for the first-awarded cities to make efforts to retain the honorary title of the civilized city. This “demonstration effect” will also provide a great incentive for the first-awarded cities to work hard to retain the honor of being a civilized city, and under the reputation effect, local governments will better adapt to the policy and promote regional productivity growth by investing in innovation and creating a quality business environment for foreign companies to facilitate investment.
TABLE 4 | Test of the cumulative effect of the reputation of civilized cities
[image: Table 4]5.3 Parallel trend test
To satisfy difference-in-difference model that the experimental group and the control group have the same trend of change before the implementation of the policy, it is necessary to identify whether the size of foreign direct investment in this study has an upward trend before the implementation of the civilized city policy and this trend is not affected by the implementation of the policy. The solution to this doubt is to conduct a parallel trend test to ensure that there is no significant difference in the size of foreign direct investment in different cities before the implementation of the civilized city policy, then this selectivity bias is considered to have not caused bias in the estimation results. In this paper, we refer to Amore et al., 2013 treatment and construct time dummy variables interacted with policy variables using the year in which the civilized city was awarded and the previous 6 years into the following model regression.
[image: image]
where pre_j is the interaction term of the time dummy variable and the policy dummy variable for the year in which the civilized city was awarded and the previous 6 years, [image: image], j = 1 indicates the year before the policy implementation, and [image: image] is used as the benchmark time point. To identify whether there is a gap in the level of foreign direct investment in different cities relative to the benchmark time point if the estimated coefficient [image: image] is not significant, it means that there is no significant difference in the level of foreign investment between the experimental group and the control group before the policy implementation, and the model passes the parallel trend test. The test results are shown in Table 4, the coefficients of all variables are not significant, indicating that there is no significant difference in foreign direct investment in cities before the implementation of the policy, which means that the rise in the scale of foreign direct investment is influenced by the creation of civilized cities, verifying the parallel trend hypothesis of the double difference model, so it is reasonable to believe that the honorary title of civilized cities expands the scale of foreign direct investment.
5.4 Robustness test
In order to further test the robustness of the civilized city policy effect, this paper conducts robustness tests from the following aspects.
5.4.1 PSM + DID
Considering that there may be sample selectivity bias between civilized and uncivilized cities, which affects the estimation results, this paper adopts the propensity score matching method (PSM) to re-match the control group to reduce the sample selection bias, and then uses the matched samples for difference-in-difference estimation. Referring to Jin et al. (2020), the control variables in the model 1) above are used as covariates, and the “k (k = 4) nearest neighbor matching” test is done year by year. The regression results in column 1) of Table 5 show that the honorary title of the civilized city still has a significant positive impact on foreign direct investment, which proves the feasibility of the PSM-DID method and the robustness of the underlying regression results.
TABLE 5 | Robustness tests
[image: Table 5]5.4.2 Substitution of explanatory variables
The robustness of the regression results is further tested by using the variable replacement method, and the ratio of the actual amount of foreign investment utilized in cities to the year-end household population is used to express the scale of foreign direct investment in cities and included in the model regression, which controls the heterogeneity of regional population size to a certain extent. The results are shown in column 2) of Table 5. It can be found that after replacing the explanatory variables, the impact of the honorary title of civilized cities on FDI remains significant, but the coefficient decreases compared with the baseline regression, which on the one hand proves that the role of the honorary title of civilized cities in attracting foreign investment is real, and on the other hand indicates that the honorary title has a stronger impact on the overall development level of cities than the per capita development level, and using the overall level to measure the city It is more direct to measure the development of a city by its overall level.
5.4.3 Adding the fifth batch of civilized cities
In order to ensure the completeness of the analysis, the fifth batch of civilized cities is included in the sample for robustness testing. The regression results are shown in column 3) of Table 5, where the coefficients of the core explanatory variables are still significantly positive, further supporting the robustness of the baseline regression results. The regression coefficients have decreased, further indicating that the policy implementation effect response is not complete since that the latest batch of civilized cities has not been implemented for 1 year within the sample period, which also confirms the reasonableness of the sample treatment in this paper.
5.4.4 Tailoring treatment
In order to exclude the interference of data outliers on the regression results, this paper carries out the so-called 1% treatment on the relevant variables, and according to the estimated results in column 4) of Table 5, the magnitude and significance of the estimated coefficients of the core explanatory variables do not change significantly at this time, indicating that the baseline regression results in Table 3 are not affected by the data outliers.
5.4.5 Placebo test
In order to further argue that the increase in the size of foreign direct investment is brought about by obtaining the honorary title of the civilized city, the empirical results of this study are not randomized, and the following placebo test is conducted. Referring to Hsiao and Zhou (2019), the counterfactual test was constructed by repeating random sampling 1000 times and randomly changing the list of civilized city inductees, and the corresponding empirical test was conducted using model (1). If the result remains significantly positive, it indicates that the level of foreign direct investment is not affected by the honorary title of the civilized city. The results are shown in column 5) of Table 5, where the coefficients of the core explanatory variables are not significant, confirming that the influence of the honorary title of the civilized city on foreign direct investment is not from the influence of random factors, indicating that the results of the benchmark regression are robust.
6 EXCLUDING OTHER POLICY INFLUENCES
Considering that similar city rating policies emerged during the same period of civilized city selection, and there has been relevant literature discussing the impact of low-carbon pilot cities, smart cities, innovative cities and Free Trade Zones (FTZs) on foreign direct investment. In order to exclude the interference of other city evaluation policies and examine whether other city honors have incentive effects on foreign direct investment, this paper refers to Hu and Shi (2021) and Jin et al. (2020), incorporates the four policies of low-carbon pilot cities, smart cities, innovative cities, and FTZs into the model 3) to demonstrate the net effect of civilized cities on foreign direct investment. If the coefficients of the core explanatory variables in the regression results are not significant, the attraction of civilized cities to foreign investment is considered not independent and the underlying regression results are not robust.
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In model (3), DT reflects the role of low-carbon pilot cities in FDI, ZH reflects the role of smart cities, CX reflects the role of innovative cities, and ZM reflects the role of FDI in FTZs. The results are shown in Table 6, columns (1), (2), 3) and 4) are the regression results after including the four policies in turn, and column 5) is the combined impact result. It can be seen that the civilized city can attract FDI independently of other policies, but it is not the only honorary title that affects FDI; the policy effect of the civilized city honorary title exists simultaneously in the low-carbon pilot cities. Specifically, the policy effect of the civilized city honorary title on FDI is significantly positive when all four policies are included separately, and after including all policies, the estimation results show that the civilized city honorary title still has a significant positive effect on FDI, and the signal effect of smart city, innovative city and pilot free trade zone on attracting FDI is not significant, but the low-carbon pilot city has a significant inhibitory effect on FDI, which may be due to the fact that low-carbon pilot cities strengthen the pollution emission constraints on enterprises and raise their production costs, which to some extent inhibit the entry of foreign firms.
TABLE 6 | Regression Results Excluding the Effect of other Policies
[image: Table 6]6.1 Mechanism test
Based on the results of the previous empirical analysis, it is found that being awarded the honorary title of the civilized city can attract foreign enterprises to invest and expand the scale of foreign investment. Through what mechanism does this honorary title have an impact on foreign direct investment? Is it consistent with the previous theoretical analysis? To investigate the mechanism behind the effect, the following model is constructed for identification testing.
[image: image]
Where Mediator is the mechanism variable, based on the previous analysis, measured mainly in terms of infrastructure development, labor inflow and science technology innovation Level, and other variables are consistent with the model (1).
Table 7 shows the results of testing the impact mechanism of civilized city honorary title on foreign direct investment. Columns 1) to 3) test the impact of the honorary title of the civilized city on infrastructure construction, labor inflow, and the level of science and technology innovation, respectively. This paper measures the level of urban infrastructure construction (ROAD) by the year-end actual paved road area share, urban labor force inflow (LABOR) by the number of urban unit employees at the end of the period, and urban science and technology innovation level (INTERNET) by the number of Internet broadband access households. The results in column 1) show that the honorary title of the civilized city can enhance the construction of urban infrastructure and thus expand the scale of foreign investment. This result indicates that in the process of participating in the creation of civilized cities, local governments increase their motivation to invest financially in public services and improve the level of urban public services. As an agglomeration center of material civilization, convenient road transportation in cities provides a solid material basis for reducing market transaction costs. As the saying goes, “To get rich, first build roads”, convenient transportation is a necessary condition for economic development. High-quality road traffic construction can carry the high pressure of urban logistics and population passage, and efficient and convenient transportation and communication network is also an important manifestation of urban modernization. Fast information and communication facilities are conducive to speeding up the sending and receiving of information, improving work efficiency, saving communication costs of foreign enterprises, and becoming an important factor in attracting foreign investment.
TABLE 7 | Regression results of mechanism test
[image: Table 7]Column 2) shows that the honorary title of the civilized city can effectively attract the inflow of labor. There is a certain economic growth effect of labor inflow. The most intuitive expression from the supply perspective is that labor inflow can increase the labor supply, accumulate human capital and enhance the innovation ability of cities. At the same time, the inflow of labor will lower the average wage level, which is also an important factor in forming the city’s production cost advantage and an important driving force in attracting investment from foreign enterprises. From the perspective of demand, the large inflow of labor force will drive the city’s consumption demand and further expand the market scale, which is undoubtedly the strongest attraction for foreign investors.
Column 3) regression results show that the honorary title of the civilized city helps to enhance the city’s technological innovation ability. The assessment index of the civilized cities puts forward clear requirements for urban innovation, and technological innovation is the main driving force of urban development, especially in the era of prevalent intelligent technology, technological innovation ability reflects the technological level of cities to a certain extent, and higher innovation ability makes capital and labor match foreign investment at a higher level, and improves social labor productivity and efficiency of production factors use. By changing the supply and demand structure to drive industrial restructuring and promote sustainable economic development, it can also ease the contradiction between supply and demand of resources, manage environmental pollution, optimize the city’s business environment and improve the convenience of foreign investment.
6.2 Heterogeneity analysis
In general, the honorary title of the civilized city can significantly promote the development of foreign direct investment in cities, but due to the different resource endowments and regional development strategies, there are significant differences in the development levels between different regions. Therefore, this paper examines the heterogeneous effects of different civilized cities’ honorary titles on FDI from three aspects: economic level, administrative level and geographical location of cities.
6.2.1 Urban economic development Level
The median regional GDP of each city in 2007 was used as the boundary to divide the sample into two groups of high and low economic levels for regression. Table 8 shows that the honorary title of the civilized city has a more significant role in promoting FDI in cities with higher levels of economic development. The possible reason is that cities with a high level of economic development can absorb more human, material and financial resources and have a higher level of urban investment facilitation construction, which helps civilized cities play the role of honorary title signal to attract foreign investment. On the contrary, cities with the relatively low levels of economic development, relatively insufficient capital stock and relatively weak technical base, have relatively weak absorption capacity for foreign investment, which leads to the less obvious role of the honorary title of civilized city in attracting foreign direct investment.
TABLE 8 | Heterogeneous effects of civilized cities on foreign direct investment in different cities
[image: Table 8]6.2.2 City administrative level
According to the city level, provincial capitals, sub-provincial cities and larger cities are defined as high-ranking cities and the rest of the cities are low-ranking cities, and group regressions are conducted. The results in Table 6 show that for high-ranking cities, the honorary title of civilized city boosts the level of FDI, while this effect is not significant in low-ranking cities. The reason may be that the higher the administrative rank, the greater the political influence of the city, the more redistributed resources it receives, and the more it is “favored” by the central government in terms of financial subsidies, trade market openness, and FDI introduction. At the same time, cities with a higher administrative rank enjoy more resources at their disposal and possess more high-quality public resources, such as education, medical care, transportation, etc., which attract more people to gather and promote urban development and further provide market demand for foreign investors. On the contrary, cities with lower administrative levels have more difficulty in acquiring resources, have lower resource allocation capacity, have a larger gap with high-ranking cities, and the policy effect of the pilot is relatively weak.
6.2.3 Urban location
China is a vast region with large disparities in economic development levels between regions. In order to test whether there is a significant difference in the effect of civilized city honorary title on foreign direct investment among different regions, this paper regresses the eastern, central and western regions in groups respectively. The results are shown in Table 6, which shows that the honorary title of civilized city in the east and central regions has a significant positive effect on foreign direct investment, while the effect of the civilized city in the west is not significant. By virtue of its geographical location, preferential market-opening policies and cheap resources, the eastern region has become an important agglomeration center for economic and social development, which happens to be the main reason why the market is more open to the outside world and more likely to attract foreign investment. At the same time, cities in the east and central regions have higher management levels and more complete marketing channels, and have inherent advantages in introducing and mastering advanced science and technology equipment, and are more receptive to foreign enterprises, which is conducive to foreign investors to invest in the region. The western region, however, suffers from inconvenient transportation, a lower level of infrastructure construction and human capital, and a weaker foundation for urban development, which causes the pilot policy to introduce foreign direct investment is not obvious.
7 DISCUSSION BASED ON FINDINGS OF THE STUDY
While going through the reported results it has been obtained that the honorary title of the civilized city is playing a key role in attracting FDI. As it is evident that FDI is attracted by some of the characteristics of the villages i.e. the city characterized by the attributes of being low carbon city, smart city, city of innovation and city of pilot free trade zone. The previous literature also document that civilized cities whatever it is specially is can be vital to attract the FDI (Ruiming & Renjie, 2016; Z. Wang et al., 2021). The honorary title of the civilized city has also connection with the reputation of the city. The longer existence of the village been known for the quality of many attributes specially reputation is providing attractiveness signal to the foreign investors. The literature support similar findings of the reputation of the village as source of attraction for FDI (Gong J. et al., 2018; Peng S. et al., 2018). Our results report that while exploring the mechanism analysis with focus on honorary title of the civilized city encourage market internalization, help to locate the ownership title, make the city environment business friendly that play pivotal role to attract foreign investment. As the mechanism effect make the urban infrastructure construction as FDI supportive, make deliberate labor inflow and continuously improve the technological innovation of the city which carry an impactful effect in bringing FDI. Many others also view that mechanism effect is pivotal to encourage FDI (Ge and Dong Ming, 2021). Our results in term of heterogeneous aspect of the civilized cities underpin that cities characterized by well administration, provincial capital and highly developed in term of economic development and also possess locational advantage are likely to attract foreign investors. The geographical location is playing significant role in promoting the inflow of foreign investment, like the Chinese cities (Civilized Cities) in the east and central regions promote the introduction of FDI compared with the western regions. There are numerous studies in the body of knowledge that explored the heterogeneous effect of civilized cities in promoting FDI as vital source (Gao et al., 2022).
8 CONCLUSION AND POLICY RECOMMENDATIONS
Foreign investors first select country for their investment, and then evaluate various cities in the country based on numerous factors, i.e. facilities, law and order, economic profile, people civilization, existing enterprises, government intervention, labor force, technological innovation, and geographical location etc. As the “highest honor” in city selection activities, the civilized city is an important vehicle for optimizing the business environment and directly affects the amount of investment attracted to a city. Based on the panel data of prefecture-level cities from 2007 to 2017, this paper evaluates the impact of the honorary title of the civilized city on foreign direct investment and its mechanism of action using a staggered double-difference model. It is found that the honorary title of the civilized city significantly increases the scale of foreign direct investment in the city, and this policy effect remains under the effect of the low-carbon city, smart city, innovative city and pilot free trade zone policies. The honorary title of the civilized city has a cumulative effect on reputation, and the longer the honorary title lasts, the stronger the attractiveness to foreign investment. The results of the mechanism analysis show that the honorary title of the civilized city can play the advantages of market internalization, location and ownership, optimize the business environment of the city, and attract foreign investment by enhancing the level of urban infrastructure construction, attracting the inflow of labor, and improving the level of science and technology innovation in the city. The analysis of the heterogeneous results shows that, in terms of economic development level, the honorary title of the civilized city has a more significant effect on promoting FDI in cities with higher economic development level; in terms of administrative level, provincial capitals, sub-provincial cities and “larger cities” are more attractive to foreign enterprises; in terms of geographical location, compared with the western region, civilized cities in the east and central regions significantly promote foreign investment. In terms of geographical location, the civilized cities in the east and central regions promote the introduction of FDI compared with the western regions. Combining the results of the above empirical analysis, this paper proposes the following recommendations.
Firstly, the honorary title of the civilized city should be played and maintained to enhance the attractiveness of the city. Transform the competitiveness of civilized cities into productivity and improve the city’s ability to attract foreign investment. Actively participate in the evaluation and competition, infrastructure construction, optimize urban factor allocation, reduce enterprise production costs, and provide guarantees for the high-quality development of the foreign direct investment. Emphasize the ability of civilized cities to attract talents, establish a sound mechanism to guarantee talents, ensure adequate labor supply and improve urban production efficiency. Increase investment in technological innovation, improve the ability of enterprises to innovate independently and establish the honorary title of civilized city to establish the image of the city and improve the core competitiveness. The policy effect and reputation accumulation effect of the civilized city evaluation and recognition will motivate the government to “compete for people’s livelihood”, motivate citizens to participate and work together to maintain the honorary title, give full play to the reputation mechanism of the civilized city, improve the efficiency of the market economy, promote the city’s sustainable high-quality development, and become the internal motivation to attract foreign direct investment. It is an intrinsic motivation to attract foreign direct investment.
Second, optimize the city’s business environment and reduce market transaction costs. Strengthen the construction of urban soft and hard environments, enhance, create a good investment environment, and improve the convenience of foreign investment.
Third, cities of different development levels and grades should adopt differentiated foreign investment introduction strategies according to local conditions. Enhance the financial support of cities, increase the investment in social public services and production factors, build a good financing environment, and reduce the transaction and operation risks of foreign-funded enterprises. Give full play to the advantages of administrative level and geographical location of cities to achieve a reasonable allocation of resources, optimize the business environment of cities, and promote the high-quality development of the foreign direct investment.
Fourth, China should make desperate efforts to enhance the size and number of civilized cities with a view to encourage more attraction of FDI as this will be termed as a stepping stone to be more prolific in term of obtaining sustainable socioeconomic development. Moreover the government of China should focus on the central and eastern regions as well to achieve highest level objectives. Future studies to compare the different civilized cities of the world known for the attraction of FDI.
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The present study empirically analyzes the role of eco-innovation in plummeting carbon dioxide (CO2) emissions in conjunction with renewable energy usage, foreign direct investment, and trade openness for the states in G-7 from 1990 to 2019 in a mathematical and statistical context. Under the dynamical framework, the estimates of mathematical grey relational analyses indicate that eco-innovation holds a stronger degree of association with CO2 emissions. Further, the estimates demonstrate that, compared to the other G-7 states, Japan is the country where eco-innovation is a more striking variable. However, renewable energy utilization seems weaker in Japan, which necessitates adopting renewable energy to curb carbon emissions in the region. Statistically, the odds ratio illustrates a similar pattern, demonstrating that the odds of occurrence for eco-innovation are much stronger in reducing the rising levels of carbon emissions within the G-7 states. Moreover, trade openness and foreign direct investment were revealed to be the leading contributors to carbon emissions in Germany and Canada, respectively, whilst appearing to be significant variables in lowering emissions in the United States and the United Kingdom. The outcomes of this investigation offer significant perspectives for policymakers in formulating holistic and environmentally friendly policies by embracing eco-innovation as a potentially significant component for sustainable economic expansion and environmental health.
Keywords: eco-innovation, CO2, renewable energy, foreign direct investment, trade openness, grey mathematical modeling
INTRODUCTION
There is a growing consensus among countries worldwide that global warming poses a severe environmental threat (E. Rehman & Rehman, 2022). Most people think that anthropogenic emissions of dangerous gases like carbon dioxide (CO2) are the main cause of the increase in global temperatures that are harming both environment and public health (Mumtaz et al., 2022). Therefore, it is important to pinpoint the elements that might assist reduce Carbon emissions and associated damaging environmental consequences. Governments started looking for a unified strategy as the negative impacts of environmental degradation, such as global warming and climate change, became increasingly obvious on a global level (Shazia et al., 2022). As a result, various conferences on environmental sustainability were convened domestically and internationally. Global temperatures have increased by 1.9°F since 1880 due to increased pollution; sea levels have increased by 178 mm in the past century; and CO2 emissions have reached 413 parts per million, the highest level in 650,000°years (Kraaijenbrink et al., 2017). As a result, the world is currently confronting one of its greatest challenges due to the ongoing and accelerating degradation of the environment and climate. The 21st Conference (COP21) of the Parties of the United Nations Framework Convention on Climate Change (UNFCCC), often known as the UNFCCC, is a significant milestone in the global community’s response to these climatic variations. The Paris Agreement from the COP21 was a crucial milestone in improving global understanding and diplomacy over climate-related concerns. Due to the heavy utilization of energy, which releases Carbon dioxide into the atmosphere and eventually raises the global average temperature, COP21 was essential in the international community comprehending the negative impact that ongoing economic growth has had on climatic changes (United Nations Climate Change, 2021). The fast expansion in global output has also resulted in a larger contribution to global warming due to resource depletion and power consumption and then accelerated global warming (Fan et al., 2019). Additionally, as the population grows, the need for energy grows geometrically, increasing the destruction of the environment owing to the discharge of residues into the atmosphere. Today’s global ecology faces substantial difficulties from concerns like climate change and global warming, which have negative impacts on the well-being, of animals, and species of plants (International Energy Agency, 2015).
Referring to this, the G7 countries, the United Kingdom, the united states, Canada, France, Germany, Italy, and Japan are committed to reducing Carbon dioxide emissions through energy portfolio diversification, especially by incorporating green energy sources into their traditional energy portfolios (Murshed, 2020). Accordingly, these nations are responsible for around 30 and 25 percent of the world’s energy intensity and these emissions (Ahmad et al., 2021). The G7 nations are also significantly reliant on imported and domestic non-renewable sources. It is interesting to note that most G7 countries import non-renewable energy to fulfill their energy demands. Around 96 percent, 84%, and 64 percent, respective of Japan, Italy, and Germany’s supply are imported. These statistics underline the concern of the G7 countries’ reliance on polluting fuels. These statistics help to illustrate why, despite their economic success, these nations have mostly failed to stop the deterioration of their environmental protection (Li & Haneklaus, 2022; Murshed et al., 2022; Xu et al., 2022). Due to these environmental harms, initiatives like the Paris Agreement (UNFCCC, 2016) require all nations to decrease emissions to some level while also thinking about ways to help mankind adapt to climatic changes. Reduced environmental deterioration, a critical worldwide issue that affects human development and wellbeing, has been addressed. Targets for carbon emissions are now desired as a result. Contrarily, limiting economic activity is not sustainable in the long run. The question of whether policymakers can integrate growth strategies with low-carbon plans to ensure that society’s growth is optimum, efficient, and sustainable is therefore raised (E. Rehman et al., 2020) Shahzad et al., 2021).
Economic growth cannot be achieved over the long run without an unbroken flow of inputs like energy. As a result, the energy demand has dramatically expanded globally (Kirikkaleli & Adebayo, 2021). To combat the rising energy demand, the majority of nations throughout the world heavily rely on renewable resources including coal, crude oil, and natural gas. Indeed, the strong reliance on fossil fuels has exacerbated environmental challenges even worst (Adebayo et al., 2021; Fahad et al., 2022). Since the preindustrial era, anthropogenetic greenhouse gas (GHGs) emissions have increased and are now at their greatest level (Arif et al., 2022). According to BP 2020 report, carbon pollution in this context increased by 43.66%t during the previous 35 years, from 19,249.9 million tonnes in 1985 to about 34,169.0 million tonnes in 2019 (BP, 2020). In addition, if governments put up significant steps to decrease these emissions in the next years, carbon emissions are predicted to elevate around 2050. The global average temperature rose by 0.85°C between 1980 and 2012. Additionally, the manufacture of conventional energy-intensive goods necessitates greater energy use, worsening the atmosphere. Nevertheless, producing smart and complicated items could need minimal energy, which might promote ecological sustainability (Razzaq et al., 2021). The COP21 also emphasizes the importance of supporting green and sustainable growth to slow down ecological destruction. It is necessary to implement structural changes in the manufacturing activity by using cleaner resources of energy to reach the objectives of transitioning to green growth along with a low-carbon economy. The techniques used by nations throughout the world to produce energy urgently need to alter. As opposed to utilizing fossil fuels, which are not sustainable, this promotes the use of cleaner, renewable energy. The fast development and use of renewables are being driven by a wide range of factors, including the need to reduce greenhouse gas emissions, increase energy access, boost the economy, provide energy security, and mitigate environmental changes (UNFCCC, 2016).
Trade openness is essential for increasing the flow of goods and services and increasing economic productivity, but the relevance of viable options for Pollutant emissions is still up for dispute (Destek & Sinha, 2020). Even though some studies have suggested that trade openness is environmentally unfriendly, others contend that it improves it. Still, others contend that there is no connection between trade openness and ecological sustainability (Ali et al., 2020). Trade is a substantial contributor to Carbon emissions from industry in the G7 nations, and the amount of carbon dioxide is a component of the ultimate domestic demand for imported products (Adebayo et al., 2022). Even though countries are shifting their reserves to concentrate on project efficiency and use a broad range of environmental innovations to stabilize trade and Carbon dioxide, achieving greener and more efficient performance remains a significant issue in this world, with global trade and development being the key determinants (Y. Liu et al., 2022; H. Khan et al., 2022). Chen et al. (2019) used the error correction (ER) model and the autoregressive distributed lag (ARDL) technique to examine the connection between GDP, trade openness, RE, and CO2 emissions from 1980 to 2014 for the case of China. The findings show that trade and renewable energy have the worst ecological consequences than economic production, which has an inverted U-shaped association with these emissions. Furthermore, the Granger causality research verified a bidirectional causality between carbon emissions, trade, and renewables. But there is also proof that rapidly increasing foreign trade and FDI cause environmental destruction (Ren et al., 2014). FDI is the main engine driving industrial growth and economic expansion. FDI is a clear choice related to technical transition, productivity improvements, and employment creation. However, the presence of FDI in a nation is not necessarily trouble-free. For instance, FDI will likely lead to the development of new industries which might harm the ecology (Usman et al., 2022). Khan et al., 2020, 2020b) examined how environmental variables interacted in 190 different nations. They employed stationary and non - stationary models and discovered that the independent variables in this study had a big impact on one another. They also discovered that FDI has a favorable level of carbon emission whereas renewable energy has a negative impact. Similarly, Zameer et al. (2020) study the impact of natural resources, renewables, and foreign direct investment on CO2 emissions for OECD nations. According to them, renewable energy has a good positive impact on environmental performance and also shows that abundance of natural resources, and foreign investment raises carbon dioxide emissions. Furthermore, Manta et al. (2020) investigate the connection between financial development, carbon dioxide emissions, and energy usage in European nations. They employed FMOLS and VECM metrics, and the statistics revealed that CO2 emissions and energy have no long-term influence on economic prosperity. They have discovered, however, a bidirectional association between financial progress and development. They also show that financial growth does not lessen pollution, that energy usage accelerates financial advancement, and that financial expansion increases pollution in the short run.
Eco-Innovation is another recent aspect of the growth-environment nexus that has been deemed to have a substantial impact on ecological quality. For instance, according to research by Hodson et al. (2018). Eco-innovation lowers carbon emissions because it offers decent usage of resources and offers affordable solutions to minimize carbon dioxide emissions. Similar research was undertaken by Cagno et al. (2015), who revealed how eco-innovation improves energy efficiency and consequently lessens the utilization of non-renewable resources that aid to lower pollution. The link between economic development, eco-innovation, and carbon dioxide emissions was researched by Álvarez-Herránz et al. (2017). According to them, Eco-innovation promotes the use of cleaner energy and production in the economy. Mushta et al. (2020) looked at how innovation affected economic development, income inequality, and CO2 emissions in China at the local and national levels. Throughout this period, from 1995 to 2015, they collected data using panel data econometric approaches and discovered that the relationship between income inequality, CO2 emissions, and economic growth in China is moderated by environmental innovation. Between the years 1995–2015, Bilan et al. (2019) explored the role of Renewable Energy and GDP Per Capita on Carbon dioxide emission in the European Union countries. The authors demonstrate that the adoption of RE results in an improvement in ecosystems using cointegration and other methodologies like VECM. The role of RE in emission Reduction is examined by Dong et al. (2018) in the setting of EKC in China from 1993 to 2016. The use of renewable energy reduces environmental damage over the long and short term. On the other hand, using fossil fuels intensifies harmful emissions. Largest economies over the period 1990–2015. Using hierarchy, the authors show that GDP and population increase CO2 emissions, while RE decreases CO2 emissions. Moreover, the causes of CO2 emissions in the 50 industrialized nations between 1990 and 2015 are evaluated by de Souza Mendonça et al. (2020). The findings demonstrated employing hierarchy that Renewables reduce CO2 emissions, while Gross Domestic Product and the population gradually increase emissions. By employing the global panel data to examine the link between Economic output, Renewables, and Carbon dioxide emission, Fatima et al. (2021) add to the body of existing literature. The paper demonstrates that Gross domestic product modifies the link between Renewables and Carbon intensity using several analytical techniques. Economic growth also affects non-renewables, which in consequence drives up Carbon dioxide emissions. Awosusi et al. (2022) investigate the connection between globalization, renewables, rental costs, and Carbon intensity in Colombia from 1970 to 2017. The authors demonstrate how globalization and renewables aid in the mitigation of climate change using FMOLS, DOLS, and ARDL. In 73 nations between 1990 and 2019, Dou & Li (2022) look into the connections between eco-innovation, natural gas, and Carbon intensity. The EKC hypothesis is present, according to the regression results, and innovation lowers CO2 levels.
In this article, we consider making the specific instance that before designing effective policies for reducing carbon dioxide (CO2) emissions, it is crucial to thoroughly examine the part played by ecological innovation in the perspective of growing trade openness and foreign direct investment in the overarching cycle of carbon emissions. The proposed article examines the connection between renewable energy consumption, trade openness, foreign direct investment (FDI), and carbon emission based on the continuing discussion regarding eco-innovation and environmental quality. Employing mathematical and statistical methods in comparison, we aimed to investigate the relationship stated. In the beginning, we applied an integrated mathematical grey relational analysis (GRA) model of grey system theory (GST), which comprised the Deng degree of GRA, absolute degree of GRA, and second synthetic degree of GRA. When compared to traditional statistical models, the GRA models offer several benefits. For example, they show improved precision and could produce accurate results even with small samples. In addition, we used a statistical technique called odds ratio estimation (OR) to quantify the strength of the relationship between the dependent and independent factors. When equated to other methods, the mentioned grey methodology is more suitable for producing results that are convincing and help to prevent endogeneity problems. By concentrating on the worst variables in the G-7 regions, the proposed model offers policymakers and decision-makers a valuable tool and a source of extra practical insights to make more effective decisions to minimize air pollution.
METHODS
Data sources
The interaction between CO2 emissions, eco-innovation (technical innovation), trade openness, foreign direct investment, and the use of renewable energy for G7 economies was empirically examined in the present work. The carbon emissions (CO2), measured in metric tonnes, were used as the response variable in this investigation. Renewable energy use has been estimated as a % of total final energy consumption, while environmentally friendly technical innovation has been quantified as a % of all technologies. Except for the variable eco-innovation, which was taken from the OECD data repository, the World Bank Indicators website provided data on foreign direct investment, CO2 emissions, trade openness, and the utilization of renewable energy sources. In this analysis, statistics from 1990 to 2019 were analyzed. Table 1 provides adequate information regarding the measurement unit and source of data for the observed variables. To proceed with the analysis, a mathematical and statistical comparison has been conducted. Grey relational analysis was used for a mathematical investigation, integrating with absolute GRA and Deng GRA. In addition, we assessed the ODDS ratios for a conventional statistical analysis to investigate the interactions between the response and explanatory variables. As the subjected methodologies were intended to investigate a one-to-one relationship, there was no need to test for homogeneity, normality, or multicollinearity, whereas the first step in the grey methodology was to normalize the data before moving on to the subsequent analysis.
TABLE 1 | Description of variables utilized in the study.
[image: Table 1]Grey modeling
Grey relational analyses
GRA methods are one of the fundamental aspects of grey system theory (GST), which was presented in 1982 by Chinese scholar Deng Julong to deal with ambiguous processes with partial information (Ng & Deng, 1995). The basic principle behind grey modeling is that the measure of closeness (or correlation) of the multilateral pattern of a given dataset representing the structural properties, could be used to foresee the closeness of a linkage among system variables. A detailed description of the GRA method can be found in (S. Liu et al., 2011). The incorporation and effective application of grey approaches have been demonstrated in the literature in several scientific disciplines (S. Rehman et al., 2022) (Javed & Liu, 2018) (Mahmoudi et al., 2019) (Javed et al., 2018) (E. Rehman & Rehman, 2022) (Mumtaz et al., 2022). The present investigation is carried out by engaging GRA methodologies. The data series are investigated by engaging GRA methodologies. The GRA models are designed using SPSS (IPCC.2019). Figure 1 depicts the conceptualized GRA paradigm. The accompanying section summarizes the computing algorithms for grey relational models.
[image: Figure 1]FIGURE 1 | The proposed grey methodology framework utilized in the study.
Deng’s grey relational analysis model
Let [image: image] be the reference series of the given data set denoting a dependent parameter and [image: image] be the comparative sequences of the given data set denoting an independent parameter, then, at that point grey relational gradient (GRG), the real number degree addressing the output of the GRA model is depicted as [image: image] and can be accompanied by (Yamaguchi et al., 2007):
[image: image]
Where,
[image: image]
In this case, [image: image] represents a distinguishing coefficient, and is generally assumed to be at 0.5.
Absolute grey relational analysis model
If [image: image] are two distinct data series connected within a system, the algorithm for computing the absolute GRA is shown below (S. Liu et al., 2011) (Wu et al., 2014).
[image: image]
Where,
[image: image]
Second synthetic grey relational analysis model
The SSGRA model can be produced by incorporating the given equation.
[image: image]
where [image: image] indicates the SSGRA model, [image: image] indicates the absolute GRA model whereas [image: image] indicates the Deng GRA model outcomes across the two grey data series i.e., Yi and Yj. Whenever a decision-maker seeks an inclusive evaluation that combines the pros of both [image: image] and [image: image] without endorsing one over another and so sets [image: image] at 0.5. We assumed [image: image] for our analysis. The detailed literature on grey modeling can be obtained from (S. Liu et al., 2011) (Kalyon et al., 2018). A graphical roadmap for the grey framework employed in our research is displayed in Figure 1.
RESULTS AND DISCUSSION
Renewable energy consumption
In this investigation, as per Deng-GRA results, Italy (0.8457) has the most elevated influence between renewable energy use and carbon emissions, whilst the most fragile influence is observed for Japan (0.6672) (Table 2). Likewise, the same sequence is generated among the G-7 nations based on the absolute-GRA model findings. Italy (0.8547) acquired the greater measure of association trailed by Canada and Germany based on the results by absolute-GRA. The weakest associations were found in the United States and Japan, with grey relational weights of 0.6988 and 0.6734, respectively. Bodily, the assessment from the SS-GRA model demonstrated that across all G-7 economies, Italy (0.8502) appeared to be the leading country in terms of reducing CO2 emissions through renewable energy consumption, swiftly followed by Canada (0.8031) and Germany (0.7878). The statistical investigation also revealed a similar pattern of sequence, implying that Italy (OR: 17.05 (11.67-27.48)) has a higher odd of minimizing carbon emissions through renewable energy use, while Japan (OR: 1.98 (0.24-2.54)) has the lowest odds ratio with significant p values.
TABLE 2 | Mathematical and statistical assessment between CO2 emissions and renewable energy.
[image: Table 2]Eco-innovation
An intriguing and insightful ranking gained importance when considering the role of eco-innovation on carbon emissions among the G-7 economies. The adoption of eco-innovation appeared to be more dramatic in the Japanese region (Deng-GRA: 0.9708, absolute-GRA:0.9802, SS-GRA:0.9755), and it was placed foremost in light of the outcomes of all three grey relational models, with comparatively higher strength of correlation. The findings in Table 3 demonstrated that the adoption of eco-innovation is a key predictor of reducing carbon emissions in the Japanese region followed by the UK (Deng-GRA:0.8576, absolute-GRA:0.8504, SS-GRA:0.8540) and France (Deng-GRA:0.8002, absolute-GRA:0.8000, SS-GRA:0.8001). Under all grey models, the US placed seventh and the UK ranked sixth, implying that these countries have the lowest impact among the G-7 nations due to their adoption of eco-innovation and reduction of carbon emissions. On comparing these results with statistical analysis, Japan (OR: 21.32 (16.73-28.91)) sustained its ranking pattern, with higher odds of emissions reduction owing to eco-innovation adoption, followed by the UK (OR: 16.09 (10.25-19.37)) and France (OR: 11.72 (7.65-14.44)). Our findings corroborated some earlier investigations that likewise showed a substantial linkage between adopting eco-innovation and lowering carbon emissions.
TABLE 3 | Mathematical and statistical assessment between carbon emissions and eco-innovation.
[image: Table 3]Trade openness
Table 4 displays a review of the interactions between carbon emissions and trade openness among G-7 nations using GRA models. As per Deng-GRA estimates, Germany has the maximum impact, with an expected strength of 0.9557, attributable to trade openness being a substantial contribution to minimizing carbon emissions, preceded by Canada (0.8852) and France (0.8796). Considering the estimates determined for absolute-GRA, although the equivalent sequence emerged, the measure of the relationship was showed considerably higher for Germany (0.9645) on comparing with the rest of the G-7 economies. Meanwhile, in a grey relational assessment of trade openness on lowering CO2 emissions among G-7 economies, the US and UK are identified as the less significant nations. Predominantly, the strength of the relationship is considerably more grounded for Germany (SS-GRA:0.9601), suggesting that trade openness has a considerable influence on lowering carbon emissions within this region, led by the US (SS-GRA:0.7328) and UK (SS-GRA:0.8606). On comparing these results with odds ratios, a slightly distinct pattern is ascertained for the economies under investigation. With a slight change in estimations, France and the UK switched their positions. The United Kingdom (OR:5.75, 95% CI (1.99-7.07)) has higher odds of lowering carbon emissions attributable to trade openness, however, France (OR:5.66; 95% CI (2.21-8.03)) has lower odds when compared with the rest of the economies.
TABLE 4 | Mathematical and statistical assessment between carbon emissions and trade openness.
[image: Table 4]Moreover, in accordance with the Deng-GRA model result, the Canadian nation (0.9342) has a better measure of influence between foreign direct investment and carbon emissions, whilst the United Kingdom (0.5822) has the most fragile level of influence. The stronger impact estimate of foreign direct investment on reducing carbon dioxide emissions in Canada demonstrates that the two are intrinsically connected. A relatively similar sequence appeared again in the findings of the absolute-GRA model, albeit with more intensity. The level of interaction for decreasing carbon emissions against FDI is substantially higher in the case of Canada, with an approximated grey significance of 0.9406. At a broader level, FDI is viewed as the primary contributor to reducing emissions in the Canadian region, based on the findings estimated from the SS-GRA model. The higher the degree of association between FDI and carbon emissions, the more closely those variables are related (Table 5). After Canada, France (0.9366) appeared to be more significant in reducing its carbon emission due to FDI with an approximated grey score of 0.9366 and placed 2nd, pursued by Italy (0.8653) and Germany (0.8212) with moderately less strength. A slightly different sequence appeared when we computed odds ratios for the selected variables to examine the associations. France and Canada altered their ranking order with only a smidgeon difference of 0.78. France appeared with a slightly higher odds of decreasing CO2 emissions attributable to FDI (OR:8.27, p < 0.000) when compared with Canada (OR:22.90, p < 0.000).
TABLE 5 | Mathematical and statistical assessment between carbon emissions and FDI.
[image: Table 5]FDI has a considerable impact on carbon emissions, implying that FDI in France and Canada is more ecologically beneficial than in the rest of the G-7 economies. In this case, previous research contradicts each other, with some claiming that FDI has a favorable impact on environmental quality and others claiming that it has a negative impact.
We also compared our outcomes to those of the SS-GRA model using odd ratios. It can be noticed that the patterns achieved by the two methods are relatively identical. Their respective strengths, however, are the fundamental point of distinction. Despite the range of GRA models and odd ratios are not the same, their judgments can be contrasted as both ranges allow the decision-maker to assess whether the interaction is frail, significant, or extremely significant. Table 6 shows the ranking sequences of G-7 economies based on mathematical and statistical analyses for better interpretation of the results.
TABLE 6 | Ranking sequence based on mathematical and statistical analysis.
[image: Table 6]Discussion and concluding remarks
For the period 1990-2019, this research preliminary examines the impacts of renewable energy usage, eco-innovation, trade openness, and FDI on CO2 emissions in G-7 economies. The relationship between the determinants listed above is thoroughly documented in the environmental literature, however, evidence on the individual and comparative effects of countries is scarce. To examine the individual impacts and their relative intensities among the studied nations, a multicriteria decision-making approach is implemented. To achieve the aforementioned objectives, we adopted two ways to investigate the interactions within variables across the studied economies: an advanced mathematical grey relational methodology and a statistical technique named Odds ratios. According to GRA outcomes, Japan claimed to be a prospective nation among G-7 economies in minimizing its carbon dioxide emissions due to eco-innovation, whereas renewable energy utilization is considered to be more striking in decreasing carbon emissions in Italy. Furthermore, Germany was revealed to be more potent as a result of trade openness while Canada appeared to be influential due to the FDI variable. In the current investigation, we implemented three grey relational models (Deng GRA, absolute GRA, and SS-GRA models), which might potentially replace conventional data analysis techniques. The estimated statistics confirmed the suitability and effectiveness of the grey relational model technique.
Renewable energy use plays a crucial role in abating CO2 emissions and improving environmental quality (Fareed et al., 2016). The linkage between renewable energy consumption and CO2 emissions emerged to be stronger in Italy than in other G-7 economies, implying that G-7 governments must adopt the use of renewables for a sustainable future. These figures are consistent with earlier research that found significant inverse relationships between the use of green energy and carbon emissions (S. Rehman et al., 2022) (Dong et al., 2020) (E. Rehman et al., 2020).
Eco-innovation has a significant influence on reducing carbon emissions in Japan, according to the current figures. This evidence speculated that eco-innovation may benefit Japan more than the other G-7 economies by significantly reducing pollution emissions or curbing the strain on natural resources. Eco-innovation is a key indicator of ecologically sustainable growth, energy efficiency, and climate variability, as evidenced by the growth of the industry for eco-services and eco-goods related to the environment over the last few decades (M. Li et al., 2021) (Shahzad et al., 2021). However, our findings are in accordance with prior empirical studies that found a significant negative linkage between eco-innovation and total carbon dioxide emissions (consumption and production-based). Among such investigations are BRICS (Razzaq et al., 2021), OECD (Puertas & Marti, 2021), China (Wang et al., 2020), the United States (Sun et al., 2021), France (Ding et al., 2021), and India (Tao et al., 2021). Therefore, rather than focusing on economic determinants, liable and innovative conduct towards ecological parameters could be more advantageous in strengthening environmental sustainability.
Trade openness is found strongly and significantly associated with carbon emissions in Germany as compared to other regions of G-7 economies which reveals that trade openness is an environmentally friendly indicator. This empirical finding is consistent with a range of investigations in the existing literature (Ibrahim & Ajide, 2021), (Shahbaz et al., 2019), (Mutascu, 2018), and (Hdom & Fuinhas, 2020). The argument that trade openness enhances environmental quality can be substantiated by the fact that the technique effect outweighs the scale effect (Shahbaz et al., 2013) (Ferrantino, 1997) (M. Li et al., 2021). We could make the argument that the scale effect arises when an economy moves from a developing to a developed phase, implying trade liberalization, which enhances exports and, by extension, economic expansion. Alternatively, trade liberalization alters an economy’s industrial hierarchy, while the technique effect encourages economies to adopt more efficacious and cleaner technologies (Ahmad et al., 2021). Therefore, the availability of comparative advancements in ecologically clean sectors and breakthroughs in fuel efficiency can validate the net impact of abating CO2 emissions (Lorente & Álvarez-Herranz, 2016) (Shahbaz et al., 2013) (D B Lorente & Alvarez-Herranz, 2016). Lately, Shahbaz et al. assessed the impact of trade openness on environmental quality over the 1980-2014 period employing data from low, middle, and high-income nations. They determined that trade openness is first positively correlated with carbon emissions and that at a certain level, this association inevitably falls, a phenomenon known as the EKC effect (Shahbaz et al., 2017) (Hashmi et al., 2021).
FDI tended to be more remarkable in Canada than in the other G-7 economies, as per the empirical findings. In most environmental literature, the elasticity of carbon emissions to FDI is found positive in the region of Canada. Existing empirical studies on the impact of FDI on the environment are contradictory. FDI has two main effects on the environment. It may cause substantial environmental damage in host countries, worsening their environment. On the contrary, it may incorporate more environmentally friendly technologies and management procedures to help host nations enhance their environmental quality. The G-7 economies should stimulate FDI inflows, specifically in technology-intensive and environmentally friendly businesses, and capture the possible negative impact of pollution-intensive FDI inflows on the environment, in order to improve environmental quality (Hashmi et al., 2021) (Hashmi et al., 2021).
Henceforth, it is reasonable to conclude that the factor of eco-innovation contributes more to the transition of the economies to sustainable energy resources, thus abating CO2 emissions. The country-specific findings demonstrate that renewable energy use, ecological innovation, trade openness, and FDI are key drivers of environmental quality improvement in G-7 economies. Among the parameters investigated, the coefficient of eco-innovation has a strong and considerable influence in Japan when compared to the other G-7 economies. This signifies that by implementing economic modalities that promote green innovation in economic processes, CO2 emissions can indeed be lowered and environmental quality can be improved. These findings suggest that ecological innovation is the optimum determinant in making significant advancements in sustainable development, whether by limiting the ecologic impacts of production modes, improving nature’s resilience to environmental stressors, or attaining a more productive and liable use of natural resources. These facts are in agreement with those published previously by Doğan et al. (2022) (Doğan et al., 2022) and X. Ji. et al. (Ji et al., 2021).
Policy recommendation
The empirical facts offer a few compelling policy implications. Initially, the study discovered eco-innovation as a key abating component of environmental degradation among others. Therefore, it is imperative to spend on green technologies to minimize environmental deterioration and to explore innovative ways of energy usage to enhance environmental quality. Policy-makers must concentrate on various legislative proposals, in particular, to be rational in their endeavors in adopting renewable energy resources. Multiple streams of renewable energy should be encouraged by the G-7 governments in both the residence and business sectors. They should also concentrate on public-private cooperation to raise citizens’ knowledge of environmentally friendly activities. This goal can be achieved through the use of social and mass media.
Furthermore, the G-7 governments must develop policies to encourage households and businesses to embrace eco-innovation by lowering interest rates on energy-efficient purchases, which will serve to enhance the positive impact of FDI on renewable energy consumption. Residential, commercial, and industrial users should be able to get financing for solar energy installation at a cheaper interest rate from the G-7 economies and the financial sector, as this will speed up the transition from NRE to RE consumption. The G-7 economies should also minimize non-renewable energy subsidies while providing tax relief for renewable energy to help expedite the transition from NREC to REC.
Future research should dig into the combined effects of all renewable energy sources to identify which one contributes the most to improving environmental quality. For comparison purposes, the impact of each fossil fuel should be investigated, separately. In this instance, multicriteria decision analysis can particularly be advantageous.
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Progress in financial inclusion has played a major role in economic development and poverty reduction. However, the environmental impact of financial inclusion calls for urgent implementation of environmental strategies to mitigate climate change. Financial inclusion forces the policies of developed countries to advance and not affect the present and future development of developing countries. Therefore, the current study aims to investigate the direct effects of information and communication technology (ICT) usage on environment as well as its moderating role on the association between financial inclusion and environmental degradation for six oil exporting countries (United Arab Emirates, Saudi Arabia, Russia, Kuwait, Canada, and the United States), using annual panel data from 1995 to 2019. We also analyze the validity of the environmental Kuznets curve (EKC) phenomenon for the entire sample, as well as the role of energy consumption and population. Employing the Method of Moments Quantile Regression (MMQR) with fixed effects, this study supported the existence of EKC phenomenon here as linkage amid human development index and carbon intensity. We find that energy consumption significantly increases carbon intensity. The empirical results showed that the application of internet- and mobile use as indicators of ICT usage lead to environmental preservation in the six oil exporting economies. Also, we observe that financial inclusion has mitigating effects on pollutant emissions, contributing to environmental preservation. Interaction between ICT usage and financial inclusion jointly reduces carbon intensity in all quantile distributions. A robustness check using an alternative proxy of the financial inclusion also confirms that ICT usage significantly and negatively moderates the association between financial inclusion and carbon intensity. Based on the findings of this study, the selected oil exporting countries should integrate financial inclusion with environmental policies to reduce carbon intensity.
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1 INTRODUCTION
The natural-resources-based economies across the globe have witnessed remarkable and multifold economic growth and development in the last few decades. While the exploitation and depletion of their abundant natural resources would promote and accelerate economic and financial development (Bekun et al., 2022; Fareed et al., 2022), environmental quality would decline with such expansion in economic activities. This pressures countries to take special measures to address both the economic growth and environmental challenges under the umbrella of what is well-termed as green growth (Demissew Beyene and Kotosz, 2020; Jinqiao et al., 2021; Chen et al., 2022). Herein, the Climate Change Conference in Glasgow (COP26) claimed that a phase-down of coal power and a phase-out of inefficient fossil fuel subsidies can get the world on a more sustainable, low-carbon pathway forward. Grossman and Krueger (1995) have introduced the economic growth and environmental quality nexus with an inverted U-shaped relationship hypothesized by Kuznets (1955). The EKC denotes the major shift of the economic structure and the changes of production elements in an advanced technological economy (Lau et al., 2014). It is identified that the environment will be at stake with increased economic growth and, up to certain levels, the negative effects of economic growth on the quality of environment are reversed. In other words, the environmental degradation level is more likely to increase at the early stages of economic growth. However, once parameters such as income per capita rise to certain levels, then it is very likely that the growth level at this point of high income leads to enhanced environmental quality (Grossman and Krueger, 1992; Halkos and Managi, 2017; Alshubiri and Elheddad, 2019; Demissew Beyene and Kotosz, 2020).
Regardless of whether economic growth is a considered a crucial factor for the environment or an opportunity, the financial sector plays an important role in economic growth and consequently its influence on the environments. Based on Robinson’s (1952) demand side hypothesis of the growth-finance interconnection, an expansion of economic activities causes the financial sector to magnify its services and products based on the view that financial support creates consistent and sustainable growth. One of the major strategies to curb environmental degradation is the implementation of financial inclusion, while providing reasonable, green, and reliable energy services. Financial inclusion, as a component of sustainable economic and financial development, has been intensively discussed, and it is agreed that it promotes economic growth (Sethi and Acharya, 2018; Emara and El Said, 2021; Zaidi et al., 2021; Fareed et al., 2022). Financial inclusion is part of the 2030 Sustainable Development Goals (SDGs), and its financial inclusion principles are commonly established as agents for several developmental strategies. The inclusiveness of various groups of society in the financial system warrants, among others, capital allocations, circulation, pooling, and savings to fulfill their requirements (World Bank, 2018). In the era of globalization, the advancement of more sophisticated technological tools has increased the need for energy production and consumption, which, in turn, adds to the challenges and concerns around environmental issues (Ahmad et al., 2021; Satrovic et al., 2021; Beşe and Friday, 2022). In theory, financial inclusion could influence the environment negatively via easy access to financial products and services that increase production and industrial expansion, leading to environment degradation (Zhao et al., 2021). However, the financial sector may also play a significant role in the reduction of environmental concerns around energy emissions by promoting the use of more advanced and green technologies that mitigate the environmental effects of energy production, supply, and consumption (Le et al., 2020). State-of-the-art technologies that support a green and clean environment can foster economic development, and maintain and preserve the environment (Jordaan, 2017). Therefore, financial inclusion can be a vital factor in CO2 emissions reduction (Fareed et al., 2022). According to the IPA (2017), financial inclusion can alleviate hardship and constraints faced by poverty-stricken groups in society such as farmers who are in need of capital to invest and implement cost-effective and cleaner technology.
The rise of the information and communication technology (ICT) era has produced various advantages for economies (Zafar et al., 2022). ICT facilitates trade by allowing new markets to interact and creates growth opportunities for developed and developing economies. It also eases information transmission and enhances the tools of education, health, and production. Undeniably, ICT is a key success factor in achieving the Sustainable Development Goals (SDGs) (Chien et al., 2021). ICT comprehensively contributes to achieving all goals of sustainable development (Zhang et al., 2022), and has become pivotal for economic and business decisions with lower costs and enhanced productivity (Adedoyin et al., 2022; Zhong et al., 2022). The opportunities offered by ICT are numerous, with costs savings and convenience becoming buzzwords (Lee et al., 2022). According to Haldar and Sethi (2022), ICT can lead to energy efficiency through integrating renewable energy in all aspects of the so-called green ICT. ICT contributes significantly to enhancing energy efficiency goals through related artificial intelligence and grid optimization systems (Susam and Hudaverdi Ucer, 2019). However, the growth of ICT user-devices worldwide through mobile banking, e-government, and social media has a critical effect on energy consumption. The demand for energy is on the rise and in turn, the proportion of ICT to greenhouse gas emissions will ultimately increase, leading to environmental degradation (Zafar et al., 2022).
Despite the sizeable literature on the various aspects of environmental deterioration, there is a still a large gap in the literature with respect to the factors of environmental degradation for our study sample. Recently, more factors were introduced to analyze the reasons for environmental degradation. Considering the abovementioned point of view, the research problem identified in our paper states that no study to date analyzed whether ICT diffusion can moderate the relationship between the financial inclusion and environmental degradation for six oil exporting countries (United Arab Emirates, Saudi Arabia, Russia, Kuwait, Canada, and the United States). The current work accommodates this backdrop to significantly contribute to the existing pool of knowledge. This study contributes in four folds to the existing literature. First, the abundance of natural resources could be considered a factor in these countries’ rapid economic growth. Therefore, more environmental issues are expected to arise. Second, because the selected sample contains countries from different regions with more involvement with regard to financial development, financial technology, ICT, and human capital, the expectation is that the effects of these factors on environmental quality may vary significantly. Thus, environmental issues might be prioritized more in the case of countries that are not at the Frontier of development in various aspects. Thus, oil exporting countries might produce more and consume more energy with less financial development and inclusiveness; furthermore, their ICT development infrastructure is being far from the rest of the world. Therefore, the gain effects of using green ICT could be at a minimal level. Third, all prior research has focused on the impact of various indicators on environmental degradation; however, this study will further explore the beneficial effects of ICT-financial inclusion interaction on environmental quality. Fourth, this study adopts the Method of Moments Quantile Regression (MMQR) to spot the effects of various indicators by the conditional median of the response variable; hence, a robust and meaningful estimation can be achieved compared to the conditional mean valueThis study aims to answer two questions: 1) what is the impact of financial inclusion, economic growth, and ICT diffusion on environmental degradation in the six oil exporting countries? 2) Is ICT diffusion a moderater of the relationship between the financial inclusion and environmental degradation? The objectives of this study are to examine: 1) the impact of financial inclusion, economic growth, and ICT diffusion on environmental degradation in the six oil exporting countries; 2) whether ICT diffusion can moderate the relationship between the financial inclusion and environmental degradation.
This study is organized as follows. The next section reviews the existing literature review and the hypotheses of the study. Section 3 introduces the data and materials of the study. Section 4 presents and discusses the findings of the study. Finally, Section 5 concludes the paper and highlights the major policy implications.
2 LITERATURE REVIEW AND HYPOTHESES DEVELOPMENT
2.1 Research on the relationship between financial inclusion and environmental degradation
The premise of financial inclusion falls under the debate on its role in reducing poverty levels and helping underprivileged people through promoting and inspiring economic growth (Beck et al., 2007; Makina and Walle, 2019; Li et al., 2021). There are two theoretical aspects of the impact of financial inclusion on environmental quality. On the one hand, from the theoretical point of view, financial inclusion assists various sectors of economies through raising funds for the purpose of expansion and growth (Rehman et al., 2021). The intensity of economic activities by way of encouraging companies to intensify their production causes energy consumption to surge, and, by implication, environmental degradation (Le and Quah, 2018; Le et al., 2020; Fareed et al., 2022). Zaidi et al. (2021) and Zhao et al. (2021) argue that achieving inclusiveness of financial services gives customers the ability to finance high-energy consumer goods such as cars, coolers, and air conditioners, with the resulting additional energy consumption magnifying the risk to the environment. Memduh Eren et al. (2022) have produced empirical evidence that financial development in Turkey has an adverse impact on environmental quality. Fareed et al. (2022) finds that environmental deterioration in the Eurozone is adversely affected by financial inclusion, although these negative effects are mitigated by the penetration of innovation. Zaidi et al. (2021) find that during the period 2004–2017, the OECD nations have experienced environmental problems due to increased energy consumption, which has unequivocally steered the CO2 emissions. Shahbaz et al. (2020) support the other findings of the negative impact of financial development on environmental quality in eight developing countries. Financial development increases CO2 emissions; as a result, the quality of the environment has worsened for the case of the United Arab Emirates. The results of Adebayo et al. (2022), Adebayo (2022), and Ganda (2021) might also support the assumption that financial globalization-induced inflow of FDI is likely to result in technology spillover.
On the other hand, other arguments have emerged in support of the positive role of financial inclusion in enhancing environmental quality. The financing activities of technological development that promote sustainable energy are key for environmental quality (Ganda, 2021). Making funds easily accessible with lower rates and more achievable financial requirements for various groups of society to finance the productive activities and initiating research and development in renewable energy play a positive function in environmental protection and help combat environmental degradation (Ganda, 2022; Kirikkaleli and Adebayo, 2021). Recent empirical studies conducted by Rahman et al. (2022), Zafar et al. (2022), and Du et al. (2022) support the positive impact of financial inclusion on environmental quality where more inclusiveness leads to better environmental quality; however, the findings of Rahman et al. (2022) are only supported for high-income countries. This might be in line with the EKC hypothesis. Therefore, this study hypothesizes the following:
H1. Financial inclusion is likely to present an ambiguous environmental impact.
Although financial inclusion might be detrimental to the environment, little empirical evidence has substantiated that the risk exposure of financial inclusion for the environment might be moderated by the diffusion of ICT (Haldar and Sethi, 2022). The latter study shows that the effects of financial inclusion on environmental quality, given the diffusion of ICT, are mixed. They found that the financial inclusion interaction with ICT diffusion, as proxied by mobile use, reduced emissions, but this not supported when internet use was applied as a proxy. Jinqiao et al. (2021) and Fareed et al. (2022) support the findings of Haldar and Sethi (2022) for the case of emerging countries. They argue that effective allocation of funds in a well-developed financial system leads to technology improvement that, in turn, reduces the environmental effects. In contrast, Zafar et al. (2022) finds that carbon emissions increase with an increase in financial development through a huge proliferation of investment in ICT equipment and infrastructure, which accelerates energy consumption and, therefore, leads to environmental deterioration. In view of the conflicting results on the moderation effect of ICT on the relationship between financial inclusion and environmental degradation, we hypothesize the following:
H2. Financial inclusion is expected to have an ambiguous influence on environmental deterioration with the penetration of ICT.
2.2 Research on the relationship between information and communication technology and environmental degradation
Information and communication technology (ICT) is a complex paradox that consists of various components including hardware, communication equipment, and software services, which has changed the lives of the people across the world (Stamopoulos et al., 2022). The proliferation of ICT helps to eradicate barriers in all aspects of businesses and enhances the flows of goods and services, which accelerates economic expansion and prosperity. One of the key areas in which ICT claims to have a major contribution is environmental quality and sustainability through the reduction of carbon emissions by shifting to more eco-friendly technology (Azam et al., 2021; Pradhan et al., 2021; Fareed et al., 2022; Zhong et al., 2022). Zhong et al. (2022) argue that efficient ICT investment reduces the energy and material input required for production and inspires a new path for energy conservation and carbon reduction. The simplification of intelligent design production tools reduces the demand for tools that are related to energy, and fosters the use of more advanced technology with cheaper costs and energy-saving (Danish, 2019; Yang and Lam, 2021; Zheng and Wang, 2021). This in turn will lead to environmental sustainability. Jinqiao et al. (2021) suggested that innovation nullifies the adverse environmental impacts of financial innovation, implying that technological innovation in the ICT sector allows the vulnerable groups of society to simultaneously access affordable financial products and adopt technological advancements to reduce pollutant emissions.
Rapid expansion of ICT and wireless ICT support renewable energy development, which can provide instrumental tools to curb emissions (Fareed et al., 2022). The findings of the study support the notion that eco-innovation offers protection against ecological problems, particularly in countries with high per-capita income. The results of Fareed et al. (2022) might also support the assumption of EKC for ICT diffusion, where ICT advancement can be beneficial only after a certain threshold of income (Haldar and Sethi, 2022). Evidence from China indicates the vital role of innovation in reducing environmental degradation (Azam et al., 2021).
Even though ICT usage facilitates the shift to low-carbon tools that are energy-saving, ICT diffusion can be considered a threat to the environment through the energy consumption of penetrated tools of ICT (Asongu et al., 2018). Recent studies have concluded that the innovation of ICT causes more environmental damage by increasing carbon emissions of intensity of ICT and its uses. Using wavelet tools, Kirikkaleli and Adebayo (2021) provide evidence that innovations lead to higher emissions in Japan. Other studies have confirmed the existence of the non-linear relationship between ICT and carbon emissions. That means that ICT’s positive impact on environmental quality occurs after a certain level of ICT development is achieved (Wu et al., 2021). Despite the conflicting results, we state the following hypothesis:
H3. ICT innovation reduces the environmental deterioration.
2.3 Research on the relationship between economic development and environmental degradation
The extant literature on environmental quality and economic growth is based on the theoretical assumption of the EKC hypothesis for the last few decades (Demissew Beyene and Kotosz, 2020). Under the EKC hypothesis, it is assumed that there is a nexus between economic growth and environmental deterioration, as reflected by an inverted U-shaped curve. The theory is based on the Kuznets (1955) linked the tendency of increasing per capita income and disparity. Kuznets’ (1955) theory has been applied later on by environmental economists such as Grossman and Krueger (1995). Grossman and Krueger (1995) examine the possible link between ecological deterioration and economic prosperity. Their approach has shown that economic expansion involves three stages, namely scale, structural, and composite effects. The scale effect occurs before the turning point, while the other two stages occur once the turning point is arrived at. According to Kirikkaleli and Adebayo (2021), the scale effect is more practical for emerging economies with non-renewable energy sources of production, while the other two stages are related to industrialized economies. Therefore, the EKC hypothesis underlines that degradation of environment is high in the preliminary stages of economic development, and after a certain threshold of prosperity, the trends return to being positive; in other words, environmental quality is enhanced with an increase in economic activities (Kuznets, 1955; Demissew Beyene and Kotosz, 2020; Memduh Eren et al., 2022).
Empirical evidence on the applicability of the EKC hypothesis has produced various findings (for instance, Alshubiri and Elheddad, 2019; Sultana et al. (2022) (. Using GDP per capita as a proxy for economic growth, the results of ARDL revealed by the study of show that economic growth leads to environmental degradation in both the short run and the long run, for the case of Bangladesh. The study also reports that human capital is negatively related to environmental degradation. Jain and Nagpal (2019) examine the impact of the human capital index on the environmental performance in South Asian nations (SANs) and India. The results of dynamic panel modelling indicate that the human capital index is positively related to environmental quality; however, they find the deviation from environmental Kuznets curve (EKC) hypotheses to link economic growth positively with climatic degradation. Their results are aligned with Demissew Beyene and Kotosz. (2020) for selected African countries, where the U-shaped inverted relationship between income per capita and environmental degradation does not exist; therefore, there is no evidence on the validity of the EKC hypothesis. Bano et al. (2018) used a long run ARDL cointegration method and found that human capital reduced CO2 emissions in Pakistan. Therefore, this study hypothesizes the following:
H4. The validity of EKC hypothesis is likely to be confirmed.
2.4 Gap in the literature
Several studies have examined the impact of financial inclusion on environmental degradation using a sample from various regions, economic and political alliance (Jinqiao et al., 2021; Fareed et al., 2022); however, to the best of our knowledge, none of these studies have examined this nexus in the case of oil exporting countries. Moreover, given the fact that oil exporting countries are unique in terms of variation in development in the area of economic and financial systems as well as technology, it is worthwhile to examine this relationship, because this would provide more insightful implications for these countries. Earlier studies have also examined the moderating role of financial inclusion and ICT on environmental degradation (for instance, Haldar and Sethi, 2022; Fareed et al., 2022); nonetheless, these studies are yet to provide conclusive results, given their unit of analysis. Therefore, reexamining the role of financial inclusion and ICT in environmental degradation in selected countries, including oil exporting countries from among advanced nations (Canada and United States) and other emerging economies (for instances Russia and Saudi Arabia) can significantly enrich the literature. Despite the long-standing interest of mainstream academic studies, the role of ICT diffusion in moderating the influence of financial inclusion on environmental degradation remains unknown. Furthermore, investigating the role of financial inclusion and ICT in countries that are among the top exporters of oil can generate further implications for these countries and contribute to policies that drive high growth in the energy sector. Herein, increased ICT diffusion may lead to the preservation of the environment, if the negative coefficient is proved with financial inclusion.
3 MATERIALS AND METHODS
This section of the study clarifies the theoretical framework and outlines the model construction. In addition, Section 3 discusses the data, along with the fundamental econometric procedures used to determine the effect of the human development index and its squared term, population, energy consumption, ICT diffusion, and financial inclusion on environmental degradation.
3.1 Theoretical framework and model construction
The theoretical underpinning behind the role of financial inclusion in fostering economic progress concentrates on an understanding that economic progress fosters poverty reduction through inclusive financial systems (Dahiya and Kumar, 2020; Adedokun and Ağa, 2021; Emara and El Said, 2021). There is no doubt that financial inclusion plays a major role in stimulating economic progress because it ensures the effective allocation of resources, mobilization and pooling of savings, and improves the evaluation of investments. Herein, a well-developed financial system ensures an increase in savings and investment opportunities that lead to economic progress. However, the environmental impact of financial inclusion poses a challenge and represents a new discourse to be elaborated within the framework of sustainable development goals. On the one hand, financial sector innovations ease access to technological advancements and reduce pollutant emissions by stimulating the efficient use of energy appliances. This clearly indicates that energy-efficient goods and technological advancement can be beneficial in combating environmental degradation. Moreover, by initiating research and development and increasing investment opportunities in renewable energy sources, financial inclusion reduces the spread of oil pollution (Satrovic and Abul, 2021; Du et al., 2022; Fareed et al., 2022). Financial inclusion is predominantly relevant for the vulnerable groups of society (e.g., farmers, low-income households), where access to affordable financial products may motivate them to invest in the latest technology advancements that will reduce pollution (Ahmad et al., 2022). On the other hand, financial inclusion can be detrimental to the environment by expanding the consumption of energy-intensive goods, which in turn results in more emissions in the environment. Increasing financial inclusion can also encourage companies to intensify their production, which also causes an upsurge in pollutant emissions and leads to an unfavorable environmental impact. The literature to date thus documents equivocal evidence of the interrelationship between financial inclusion and environmental degradation.
Theoretically, ICT can affect the environment in three major ways (Malmodin and Lunden, 2018): 1) the direct (primary) impacts refer to the environmental consequences of ICT production, consumption, and recycling; 2) indirect effects arise due to the environmental consequences of ICT for industry, transportation, or buildings, which leads to an increase in or reduces their pollutant emissions through technological advancements and increased energy efficiency. The indirect effects, also referred to as secondary effects, include the application of ICT towards innovation or for green energy. 3) The tertiary effects pertain to the consequences of long-term ICT adaptation that change economic structures or consumption patterns. Considering the tertiary effects, ICT can catalyze behavioral changes, because the increased efficiency reduces the prices of ICT, causing more intensified consumption. As a consequence, the consumption of energy-intensive products increases, which causes a rise in pollutant emissions. Thus, consumption patterns should be taken into consideration when developing environmental strategies directed at reducing pollutant emissions from the ICT sector (Haldar and Sethi, 2022). The positive effect of ICT and financial inclusion on economic growth has been justified by studies to date (Sassi and Goaied, 2013). ICT diffusion integrates the impact of financial inclusion on economic progress by reducing information and transaction costs. In addition, ICT infrastructure enables corporate control to be exerted, which is one of the major functions of financial intermediaries. Nonetheless, studies that explore whether ICT diffusion consolidates the impact of financial innovation on environmental degradation are scarce. Jinqiao et al. (2021) suggests that innovation nullifies the adverse environmental impacts of financial innovation, highlighting that technological innovation in ICT sector allows the vulnerable groups of the society to simultaneously access affordable financial products and adopt technological advancements to reduce pollutant emissions.
The relationship between financial inclusion and environmental degradation has also been elaborated under the umbrella of the environmental Kuznets curve (EKC) framework. Grossman and Krueger (1995) defined EKC, arguing that environmental degradation occurs during the early phase of economic emancipation whereas benefits from further economic progress are used for environmental protection. The studies to date have evaluated the validity of the EKC hypothesis by linking environmental degradation and real GDP per capita as a developmental indicator (Adedoyin et al., 2022; Satrovic et al., 2022). However, the quality of human life is not only dependent on improvements in the real GDP per capita but also on health care and education facilities. Herein, the human development index (HDI) is a better developmental indicator (Hussain and Dey, 2021). Along with an element of GDP, HDI also includes the other two dimensions of development, namely health and education; therefore, HDI is used as a developmental indicator in this current study. Energy is of crucial importance for economic activities, playing a major role in economic progress. As such, it has an adverse environmental impact. Therefore, an increase in energy consumption triggers economic progress, which in turn increases pollutant emissions. Many studies to date have suggested the positive relationship between energy consumption and environmental degradation (Muslija et al., 2019; Arshad et al., 2020; Alvarado et al., 2021; Özden and Beşe, 2021; Abul and Satrovic, 2022). Massive energy consumption due to urbanization increases environmental depletion. There is a growing consensus that population significantly promotes environmental degradation (Sultana et al., 2022).
This study looks at the financial inclusion status of six oil exporting countries in mitigating pollutant emissions. Based on the theoretical framework of the EKC phenomenon, the model specification for this study is given as (Eq. 1):
[image: image]
where HDI represents the human development index (HDI) as a measure of development and its squared term HDI2; EMPO indicates the employment to population ratio as a proxy for population, PECN refers to primary energy consumption as a proxy for energy consumption; ICTU stands for information and communication technology usage measured in terms of internet penetration and mobile cellular subscriptions; FI refers to the financial inclusion measured in terms of financial institutions index (INFII) and financial institutions depth index (INFID); ICDE depicts the indicator of carbon intensity measured by CO2/GDP using exchange rates kg CO2/USD (2015 prices). The basic measure of financial inclusion to be observed in this study is the financial institutions index, whereas the second measure is used for the sake of robustness. Specifying the logarithmic forms of each of the variables, the transformed layout is shown as (Eq. 2):
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where i denotes the six oil exporting countries and t denotes the time period; L denotes the natural logarithm;[image: image] refers to the intercept; [image: image] stands for the error term; and [image: image]s' are the demonstrations of regressions coefficients to be estimated. For confirmation of the U-shaped relationship between economic development and environmental degradation, we expect [image: image] and [image: image] (Hussain and Dey, 2021). Based on the studies to date (Ahmad et al., 2021; Alvarado et al., 2021), the coefficients of population and energy consumption are likely to attain a positive sign ([image: image]). The ICT diffusion coefficient sign, in terms of its influence on carbon intensity, may be either positive or negative (Haldar and Sethi, 2022) i.e., [image: image]. Financial inclusion may also increase or reduce environmental degradation (Du et al., 2022; Fareed et al., 2022) i.e., [image: image].
Among the different indicators of ICT, a boom in the spread of internet- and mobile use is witnessed in the countries investigated. To test the impact of mobile cellular subscriptions—MPH—the basic model (2) is replaced by (Eq. 3):
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We further introduce the second indicator of information and communication technology usage, and replace the basic model as (Eq. 4):
[image: image]
where IUI refers to individuals using the internet (% of population).
In addition to the direct impact of ICT, this study also analyzes its indirect effects through interaction with financial inclusion. The model (3) is extended to (Eq. 5):
[image: image]
where Mod1 = MPH*INFII.
We hypothesize that the relationship between financial inclusion and environmental degradation strengthens with improvement in the ICT usage. Further, to test whether the interaction between individuals using the internet and financial inclusion jointly reduces environmental degradation, model (4) is replaced by (Eq. 6):
[image: image]
where Mod2= IUI*INFII.
3.2 Data
Our study explores the effect of the human development index and its squared term, population, energy consumption, ICT diffusion, and financial inclusion on environmental degradation by using annual balanced panel data of six major oil exporting countries (United Arab Emirates, Saudi Arabia, Russia, Kuwait, Canada, and the United States). These countries are selected for two reasons. First, oil exporting countries are blessed with oil reserves with lower crude oil prices. Second, because of the low price elasticity of crude oil demand, oil exporting countries are able to import more energy-intensive products thanks to more income. Considering these two reasons, the selected countries are likely to increase pollutant emissions. All data covered the period 1995–2019, with sourcing restricted by data availability. Table 1 offers detailed information on the variables used in this study.
TABLE 1 | Variables used in the study.
[image: Table 1]The annual HDI data were collected from the United Nations Development Programme (Hussain and Dey, 2021). The data on employment to population ratio, mobile cellular subscriptions, and individuals using the internet were gathered from the World Bank (Haldar and Sethi, 2022; Sultana et al., 2022). Following (Ahmad et al., 2022; Fareed et al., 2022), this study retrieved financial inclusion data from the International Monetary Fund. The data on primary energy consumption were collected from British Petroleum (Arshad et al., 2020), whereas the International Energy Agency provided the data for ICDE, as reported in the literature (Rahman et al., 2022). Table 2 presents the descriptive statistics.
TABLE 2 | Summarized statistics.
[image: Table 2]As shown in Table 2, all variables have positive mean values. The highest human development index is reported for Canada in 2019, while the lowest human development index is reported for Russia in 1995. Considering the ICT indicators, the maximum value of MPH is reported for the United Arab Emirates in 2016 whereas Russia reports the minimum value in 1995; the maximum value of IUI is reported for Kuwait in 2018 whereas the minimum value is reported for Saudi Arabia in 1995. When the financial inclusion proxies are considered, the maximum value of the financial institutions index is reported for Canada in 2012, while Russia has the minimum value; the maximum value of INFID is reported for Canada in 2016 and the minimum value for Russia in 1995. Considering the carbon intensity, the maximum value is reported for Russia in 1996 whereas the minimum value is reported for the United States in 2019.
3.3 Panel estimation techniques
In this study, the fundamental procedures for determining the effect of the human development index and its squared term, population, energy consumption, ICT diffusion, and financial inclusion on environmental degradation were as follows: first, we start by checking for cross-sectional dependence (CD) in the variables. In the second step, second-generation unit root tests are used to obtain robust estimates. Third, after performing these initial investigations, the Method of Moments Quantile Regression (MMQR) with fixed effects for panel data is used to identify the conditional heterogeneous covariance impacts of the predictors of carbon intensity namely the human development index, human development index squared, population, energy consumption, information and communication technology diffusion, and financial inclusion.
We first determine whether there is cross-sectional dependency between the variables. Cross-sectional dependence is an important property of the variables to be checked—if it were ignored, it can cause size distortion and biased or spurious results. This study employs the Pesaran (2007) cross-sectional dependence (CD) test to identify the possible presence of the cross-sectional dependency problem. The test statistics for CD are explained using the following equation (Eq. 7):
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where [image: image] refers to the residual correlation.
It is also vital to perform a preliminary test to check for the stationary properties of the variables. In the presence of cross-sectional dependence, it is necessary to perform second-generation unit root tests to obtain robust estimates of the coefficients. To avoid biased results, this study employs the Im et al. (2003) cross-sectionally augmented (CIPS) panel unit test to address the impact of CD and heterogeneity. Pesaran (2007) explains the estimation of the CIPS unit root test using the following equation (Eq. 8):
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For Eq. 8, [image: image], and [image: image]depict the intercept, variables of interest, difference, period of interest, and error term, respectively.
Under the specification in Eq. 2, the presence of the EKC phenomenon is certified if [image: image] and [image: image]. Notwithstanding the fact that Eq. 2 can be estimated by the traditional pooled ordinary least squares techniques or pooled techniques upgraded with Driscoll and Kraay standard errors, these techniques have various limitations, as elaborated by Ike et al. (2020). By resolving these limitations, panel Method of Moments Quantile Regression (MMQR) with fixed effects proposed by Machado and Silva (2019), which is more precise, is applied. The quantile regressions aim to evaluate the conditional median or a range of distinctive quantiles of the response variables tied to given values of the exogenous variables distinct from traditional panel data techniques, which provide estimates of the conditional mean of the endogenous variable subject to given values of exogenous variables. It is applicable in the case of weak or non-existent linkage between the conditional means of the inspected variables. Aside from that, it provides non-crossing evaluations of the regression quantiles. Therefore, the MMQR method allows us to identify the conditional heterogenous covariance effects of the indicators of carbon emissions by approving of the individual effects to influence the entire distribution instead of moving averages. The panel MMQR with fixed effects equation is formulated in Eq. 9 which is shows as (Eq. 9):
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For Eq. 9, [image: image] is the symbol for the predicted variable [image: image], [image: image] outline the regressors[image: image] stands for the unknown coefficients, [image: image] refers to the individual effects. To analyze the impact of human development index, population, energy consumption, ICT diffusion and financial inclusion on carbon intensity, the authors formulated the models as shown below:
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where Mod3 = MPH∗INFID, Mod4 = IUI∗INFID.
4 EMPIRICAL EVIDENCE AND DISCUSSION
The analysis begins with diagnostic tests. We start by checking for cross-sectional dependence (CD) in the variables, employing the test first put forth by Pesaran (2007). Table 3 summarizes the initial cross-sectional dependence test for evaluating the interconnection between the selected countries.
TABLE 3 | Cross-sectional dependence test.
[image: Table 3]Table 3 depicts a signal for the rejection of the null hypothesis of no cross-sectional dependence, implying that the variables under investigation exhibit CD. Based on these findings, it can be inferred that the selected six oil exporting countries have been interconnected through several channels, especially economic ones. This means that a shock in one oil exporting economy is transmitted to the other five countries. In other words, the unobserved common factors in financial inclusion and ICT diffusion in one examined country are transmitted to other countries. Nowadays, it is quite common for countries to hold cross-sectional dependence in longitudinal data. If unnoticed, it can considerably weaken the efficiency of panel data and lead to biased results.
Given the presence of cross sectional dependence in all the variables in the study, we further use the second-generation unit root tests to obtain robust estimates. In order to inspect more precisely the integrating properties of the variables, our study employs the cross-sectionally augmented (CIPS) panel unit test of Im et al. (2003). Table 4 depicts second-generation unit-root test of the panel variables.
TABLE 4 | Unit root tests.
[image: Table 4]Table 4 clearly shows that human development index, employment to population ratio, mobile cellular subscriptions, and carbon intensity are non-stationary at levels, intercept included. The null hypothesis on unit root could not be rejected for all variables at their levels, intercept and trend included. The CIPS test was robust to cross-sectional dependence, further showing that all variables are stationary at their first difference. Given that we are able to reject the null hypothesis on unit root for all variables at their first difference, it can be concluded that this study’s variables are first-difference stationary and exhibit the same order of integration I (1).
After performing these initial investigations, the Method of Moments Quantile Regression (MMQR) with fixed effects for panel data is used to identify the conditional heterogeneous covariance impacts of the predictors of carbon intensity namely the human development index, human development index squared, population, energy consumption, information and communication technology diffusion, and financial inclusion. The outcomes of the MMQR at the odd quantiles are presented in Table 5, whereas the graphical representations (Figure 1) visualize the impact of predictors on carbon intensity at the even quantiles (the voluminous output of MMQR estimation is available upon request). Table 5 and Figure 1 estimate the effects of the determinants of carbon intensity across the selected quantiles of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.90.
TABLE 5 | Estimation results from the panel quantile regression model.
[image: Table 5][image: Figure 1]FIGURE 1 | Plotting results from panel quantile regression. Note: lnhdi = LHDI, lnhdi2 = LHDI2, lnempo = LEMPO, lnpeco = LPECN, lnmob = LMPH, lninter = LIUI, lnfii = LINFII, lnfidi = LINFID, lnmobfii = LMod1, lnintfii = LMod2, lnmobfd = LMod3, lnintfd = LMod4.
The first finding reveals that the impact of economic development, captured by the human development index, on carbon intensity is significant across all quantiles, with the EKC hypothesis being confirmed for all quantiles in models 1–4, concurring with (Lai and Chen, 2020; Hussain and Dey, 2021; Li and Xu, 2021). There is strong statistically significant support for the EKC hypothesis for all countries. The outcomes of this paper hypothesize the inverted U-shaped relationship between economic development and environmental degradation (H4). It means that at the early stages of economic emancipation, both environmental degradation and income exhibit an increasing trend, because of the higher importance given to economic progress than to environmental protection. After a threshold level of economic emancipation, the developmental income is used for environmental protection, and environmental degradation would start to dwindle. Thus arrangement of economic development mimics environmental sustainability. In regard to the coefficient with human development index, Table 5 and Figure 1 depict a positive and significant association with carbon intensity for all quantiles exhibiting a decreasing trend. Considering the coefficient with human development index squared, the outcomes outline a negative and significant association with carbon intensity for all quantiles signaling an increasing trend. It can be inferred from these findings that the selected oil exporting countries have already reached a particular level of development, prioritizing environmental quality above economic progress. In contrast, (Jain and Nagpal, 2019), confirmed the deviation from environmental Kuznets curve (EKC) for the selected South Asian nations.
The second finding shows a positive relationship between population and environmental degradation. The coefficient estimates validate an adverse environmental impact of population proxied by employment to population ratio. Herein, models 1 and 3 reveal a positive linkage amid employment to population ratio and carbon intensity. The coefficients of LEMPO exhibit a decreasing trend in different quantiles and show a statistically insignificant impact. In contrast, models 2 and 4 suggest a statistically significant positive coefficient with LEMPO in the 30th–70th quantile that exhibits a decreasing trend. These findings can be reasoned based on the fact that economic progress increases with a rising employment to population ratio. Intensified economic progress leads to more intensive energy consumption and causes more anthropogenic emissions into the atmosphere. These findings outline that a higher level of employment to population ratio increase carbon intensity more in countries that have median or below median carbon intensity. The positive impact of population on environmental degradation is pertinent to some previous studies (Rehman et al., 2021; Verbič et al., 2021; Jena et al., 2022; Satrovic and Adedoyin, 2022; Sultana et al., 2022). The negative trend shows that the impact of the employment to population ratio on carbon intensity decreases when moving from the lower to the upper quantiles.
The third finding demonstrates that the effect of energy consumption on carbon intensity is statistically significant and positive for all quantiles in models 1–4. The coefficients of primary energy consumption show a decreasing trend in different quantiles for all models, meaning that the impact of energy consumption on carbon intensity reduces while moving from the lower to the upper quantiles. The finding that energy consumption exerts a positive effect on environmental degradation clearly indicates that energy consumption creates environmental pressure on the oil exporting countries. Energy exerts a negative environmental impact because the examined nations strongly depend on fossil fuel energy sources to meet their energy demands. Besides, an increase in energy consumption triggers economic progress, which in turn increases pollutant emissions. Given the fact that oil exporting countries mostly utilize fossil-fuel-based energy sources, the positive impact of primary energy consumption on environmental degradation is consistent with our expectations. This result echoes the major conclusion of Ahmad et al. (2021), who found that non-renewable energy consumption improves economic performance but has an adverse environmental impact in the case of the Organisation for Economic Co-operation and Development (OECD) countries. Similarly, Alvarado et al. (2021) justified a positive coefficient with energy consumption indicating that the reduction of fossil-fuel-based energy consumption is crucial in reducing greenhouse gases emissions. Despite the fact that both developed and developing countries are affected by anthropogenic emissions, Alvarado et al. (2021) outline that rich countries consume more non-renewable energy and, hereinafter, make a larger contribution to climate change in comparison with developing countries. Given that non-renewable energy is still in high demand, the achievement of sustainable development is more urgent than before and demands effort from the rich and developed countries.
The fourth finding includes the direct effects of ICT on carbon intensity (H3). In order to evaluate the effect of different indicators of ICT usage across different quantiles of carbon intensity, we employ the MMQR with fixed effects for panel data. The negative coefficient shows that the spread of mobile use decreases while moving from the lower to the upper quantiles. A 1% rise in mobile cellular subscriptions leads to a drop in carbon intensity equal to 0.060%–0.069% in model 1. Put differently, the negative coefficient signals that the spread of internet use increases when moving from the lower to the upper quantiles. A 1% rise in individuals using the internet (% of population) leads to a decline in carbon intensity equal to 0.035%–0.047% in model 2. The outcomes discovered for ICT diffusion intakes are negative and statistically significant across the observed quantiles, meaning that an increase in ICT usage will reduce the environmental degradation experienced in the studied oil exporting countries. The results of our study support the indirect impact of ICT usage on environmental degradation, indicating that ICT usage reduces pollutant emissions by increasing energy efficiency and supporting technological advancements. The indirect impact also refers to the application of ICT in renewable energy innovation projects. Our finding is consistent with the empirical study of Haldar and Sethi (2022), who confirmed that internet usage is found to reduce pollutant emission significantly. Besides, their results show that the use of mobile phones significantly reduce carbon emissions. The negative sign of the coefficient value of ICT usage echoes the major conclusion of Jinqiao et al. (2021) but contradicts Arshad et al. (2020) who found a positive impact of ICT usage on environmental degradation in Asian economies, clearly pointing at the low energy efficiency of ICT goods and services.
From Table 5 and Figure 1, our fifth finding revealed that the coefficient of financial inclusion is negatively and significantly related to the carbon intensity in models 1–4 (H1). Specifically, this means that a 1% rise in financial inclusion can reduce the carbon intensity in long term by 0.468%–0.656% in models 1 and 2. The results further indicate that the financial inclusion for all levels has a statistically significant effect on the carbon intensity and the estimated parameters follow a declining pattern, signaling that a higher level of financial inclusion can reduce carbon intensity more in the countries which have lower carbon intensity. This implies that the improvement in financial inclusion tends to contribute immensely to environmental quality in oil exporting economies. The negative sign of the coefficient value of financial inclusion may stem from the fact that improving financial inclusion stimulate energy-efficiency of products and services and ease the access to the technological advancements. Also, financial inclusion initiates renewable energy innovation projects and by that means significantly contribute to the environmental quality. Therefore it is consistent with Du et al. (2022) who posited the negative relationship between financial inclusion and carbon dioxide emissions on all the quantiles after the first. The negative coefficient with financial inclusion is reasoned for the fact that it improves the efficiency of money use, which may be directed towards low-carbon emitting technologies and be beneficial for the environmental quality. Put differently, our result differs from Zaidi et al. (2021) who confirmed that improvement in financial inclusion in OECD countries eases the purchase of energy-intensive goods (such as cars and air conditioners), which results in more pollutant emissions. For similar reasons, the findings of Fareed et al. (2022) support the negative environmental impact of financial inclusion in the Eurozone.
The final finding shows that the interaction effect between mobile use and financial inclusion measured by financial institutions is found to be statistically significant and negative in model 3, exhibiting a decreasing trend in different quantiles (H2). In model 4, the interaction of internet use with financial inclusion is found to significantly reduce carbon intensity, exhibiting an increasing trend. These findings indicate that the introduction of moderate ICT usage on financial inclusion in six oil exporting countries reduces environmental degradation. The interaction effect of ICT usage leads to the preservation of the environment, as proved by the negative sign of coefficient with financial inclusion. It is also worth mentioning that ICT usage improves the beneficial environmental impacts of financial inclusion. Both ICT usage and interaction-term were found to reduce carbon intensity significantly for all the panel-quantiles based on their carbon intensity levels. In other words, ICT usage and financial inclusion together interact to reduce carbon intensity, which was validated for both mobile- and internet use. Our findings correspond to those of Haldar and Sethi (2022) in the case of emerging economies. Also, Jinqiao et al. (2021) supported this view, suggesting that technological progress supports nations in replacing polluting resources with other environmentally friendly resources.
We check the robustness of our results using an alternative indicator of financial inclusion, namely the financial institutions depth index. Table A1 depicts the impact of the independent variables on carbon intensity. The outcomes in the table are robust to the findings presented in Table 5 and Figure 1 across all estimations. Specifically, the effect of economic development captured by HDI on carbon intensity is significant across all quantiles with the EKC hypothesis being validated for all quantiles. In addition, population has no significant effect on carbon intensity in models 6 and 8, whereas the negative coefficient with population is insignificant in models 5 and 7 (except for the 50th and 60th quantiles). The results based on energy consumption, however, show that its effect on carbon intensity is positive in all the quantiles and statistically significant in models 5–8. As expected, the impact of ICT usage and financial inclusion measured by the financial institutions depth index, as well as the moderation effects, are statistically significant and negative. Based on these findings, it can be concluded that the impact of financial inclusion on carbon intensity is strengthened by better ICT diffusion.
TABLE A1 | Robustness analysis.
[image: Table A1]5 CONCLUSION AND POLICY IMPLICATIONS
This study examined a panel dataset for six oil exporting countries from 1995 to 2019 to determine how variables such as financial inclusion, ICT diffusion, and economic growth affect environmental degradation and whether ICT diffusion can moderate the relationship between financial inclusion and environmental degradation. The six oil exporting countries are among the world’s largest contributors to environmental degradation. With their abundance of resources, these nations have experienced very promising economic and financial development; therefore, one of their major challenges is to develop a clear vision in regard to environmental strategies and environmental change. In combating the negative consequences of such strong economic and financial development, ICT can serve as a pillar to moderate this relationship. Therefore, the moderating effect of ICT usage encourages improvement of policies related to preserving the environment in the six-oil exporting countries. This study strongly concluded in its findings the existence of an inverted U-shaped EKC hypothesis for all investigated six oil exporting counties. This main result unveils the achievement of some level of development in the sample of six oil exporting countries, beyond which the importance of the environment has been prioritized over economic growth. Furthermore, the findings of this study for the sample of six oil exporting countries demonstrates a negative impact of energy consumption on the environment across the quantiles. Results show that ICT and financial inclusion are significant factors that play a role in the improvement of the environmental quality. Remarkably, the interaction of both ICT and financial inclusion is very favorable because they exert a positive impact on the environment. Because economic growth plays a role in supporting the environmental quality of the examined nations, given the existence of EKC, it is strongly recommended that these countries take advantage of their natural resources to support and consistently drive their economic growth and hence reduce environmental degradation. Considering that economic growth and financial inclusion are likely to improve the environment in the six oil exporting countries, the energy consumption patterns in these countries promote environmental degradation. Therefore, it is recommended that these countries improve their energy consumption by executing activities based on natural and renewable energy resources to prevent environmental degradation through financing activities that are high-tech innovative and environment-friendly. Governments and policy-makers are highly encouraged to introduce policies aimed at educating people on managing and reducing energy consumption, and encouraging financial inclusion and ICT usage. Moreover, people in these countries should be made aware of the negative effects of energy consumption on the environment, and educated about the benefits of financial inclusion and given the appropriate skillsets to optimize on ICT usage for the environment. They should also introduce policies for businesses and enterprises to avoid pollution and ultimately conserve the environment. Additionally, these businesses should be environment friendly and implement environment-friendly technologies. Policy makers should keep in mind that attracting investments should always be aligned with green business vision to save the environment. Even though this study extends several vital contributions to the theoretical and empirical literature, some limitations may guide future research in the same domain. Firstly, since this study is limited to only oil exporting countries, future studies should include importing countries which might capture various effects regarding the ICT and financial inclusion on the environment. Secondly, this study incorporates Depth as the financial inclusion indicator, future studies should incorporate more comprehensive indicators including depth and access as well.
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Rapid globalization during the last few decades has caused many difficulties for firms to survive, sustain, and maximize shareholders’ wealth. The Enterprise Resource Planning (ERP) system provides extensive access to data and upgraded information to achieve the specified objectives. This study examines how Innovative Organizational Culture (IOC) affects firm performance in Pakistan. In doing so, this study collects a comprehensive dataset from 234 high- and medium-level managers working in different sectors across six major cities of Pakistan. We construct several hypotheses and employ Partial Least Squares Structural Equation modeling to test the selected premises. The results reveal that IOC and the benefits of ERP are positively related to firm performance, IOC is also positively associated with the implementation of ERP, and the implementation of ERP is positively related to the benefits of ERP. Regarding mediating relationship among the constructs, this study shows that the implementation of ERP mediates the relationship between IOC and the benefits of ERP and the benefits of ERP mediate the relationship between the implementation of ERP and firm performance. Given that Pakistan has been facing a chronic energy crisis for the last few decades, this study conducts a subsample analysis and divides the sample into two groups—“energy and manufacturing” and “service and non-manufacturing” sector firms. Our robustness tests reveal that the implementation of ERP is positively and significantly related to firm performance only in the subsample of service and non-manufacturing sector firms. In contrast, it is negatively and insignificantly related to firm performance in the subsample of energy and manufacturing sector firms. The findings of this study provide numerous operational insights to managers to adequately emphasize and strengthen IOC to sustain the change management system. Specifically, this study suggests that senior- and medium-level managers should continuously monitor the implementation of ERP and determinedly engage themselves in the team management and communication process to achieve higher firm performance.
Keywords: enterprise resource planning, RBV, firm performance, innovative organizational culture, ERP, energy sector, Pakistan
1 INTRODUCTION
In recent times, the quest for better performance is progressively increasing. However, achieving higher firm performance is undoubtedly challenging for managers and leaders. Thus, the ever-changing business competition requires a firm to be nimbler and innovative to achieve a competitive edge. Likewise, vindicating and endearing stakeholders’ expectations are other important factors to consider (Gursoy and Swanger 2007).
Enterprise Resource Planning (ERP) is one of the recent tools that integrate business activities with management processes for automation (Kazemi and Sullivan 2014). Information Technology (IT) penetration enables a firm to become more digitalized and utilize more extensive datasets that may increase decision-making precision as up-to-date information facilitates firms to comprehensively interpret both micro- and macro-level factors to make efficient and effective decisions (Aydiner et al., 2019).
Innovative organizational culture signifies a working culture where creative ideas are determined, encouraged, and implemented (Uzkurt et al., 2013). The extant literature shows that IOC only not fosters innovation and encourages new ideas but also produces novel solutions (Jamrog et al., 2006; Li et al., 2018). It similarly relates to behaviors involved in adapting and implementing innovative processes. The Innovative Organizational Culture (IOC) oriented firms are supposed to be more creative, risk-taking, open to new ideas, and have an entrepreneurial mindset (Jamrog et al., 2006). Thus, it offers the basis for state-of-the-art solutions, future market trends, and improved communication through adopting and implementing new technologies (Martín-de Castro et al., 2013). The integration of business activities and change management in organizations are other factors that are positively influenced by IOC (Brettel and Cleven, 2011). The extant literature reveals that the utilization of IT and IOC are the most important drivers of higher firm performance.
As discussed above, ERP is a state-of-the-art integrative management tool that helps in identifying, capturing, and monitoring the flow of both internal and external information (Beheshti and Beheshti 2010) and micro (among the department) and macro (vendors and contractors) factors of a firm (Razaq et al., 2017). It depends on several modules and activities linked with different business functions such as accounting, supply chain management, financial management, human resource, customer relationship management, and the entire information accessible to the organization (Liang et al., 2007; Addo-Tenkorang and Helo 2011). Thus, an efficaciously implemented ERP system is expected to provide better solutions to problems, optimal use of resources, sets of reliable information, and opportunities for firm development (Ruivo et al., 2012). Likewise, it provides firms with access to client and market information that permits a firm to examine and gauge external opportunities (HassabElnaby et al., 2012). The extant literature reveals that an efficient and effective implementation of ERP also facilities intra- and inter-firm relationships to maintain customer relationships and knowledge management (Soliman and Noorliza. 2022). In sum, several benefits can be achieved by accurately implementing ERP. However, implementing ERP requires huge costs and strong commitments to bring a noteworthy change in the firm’s operations. Thus, this study is developed on the resource-based view (RBV) model that emphasizes efficient utilization of resources, implementation of innovative strategies, and reassurance of IOC.
The main objective of this study is to examine the processes through which the Innovative Organizational Culture (IOC) affects firm performance (FP), illustrated in Figure 1 (constructs are defined in Table 1). Specifically, we first analyze the effect of IOC, ERP implementation, and ERP benefits on FP. Following that, we study the impact of IOC on the implementation of ERP, and the impact of ERP implementation on the benefits of ERP. Finally, this study explores the mediating role of 1) the implementation of ERP in the relationship between IOC and the benefits of ERP and 2) the benefits of ERP in the relationship between the implementation of ERP and FP. In addition, this study conducts a subsample analysis and tests the outlined objectives separately for energy- and non-energy-sector firms. The extant literature indicates that the energy sector in Pakistan is poorly administrated, underdeveloped, facing a severe financial crisis and circular debt, unable to control electrical power theft, and provides low quality of service and insufficient transmission and distribution infrastructures (Ali et al., 2017; EIA 2016). While existing studies have examined various techno-economic feasibilities (Ali et al., 2021), determinants of renewable energy adoption (Ahmar et al., 2022a), and households’ energy choices to overcome the chronic energy crisis in Pakistan (Ahmar et al., 2022b), the firm performance of energy sector firms in Pakistan is not examined in the context of IOC, implementation of ERP and benefits of ERP. Therefore, investigating the role of IOC, implementation of ERP, and ERP benefits on firm performance of energy sector firms is an interesting question that needs a comprehensive assessment. In sum, this study first conducts a market-wide analysis that includes all firms, followed by a separate examination of energy- and non-energy-sector firms for comparison purposes.
[image: Figure 1]FIGURE 1 | Research model.
TABLE 1 | Literature defining the construction of variables/constructs.
[image: Table 1]This study contributes to the extant literature examining the process through which IOC affects FP in the presence of ERP benefits and implementation of ERP. Further, this study contributes to the literature concerning the differences between energy and non-energy sector firms, specifically, in the context of IOC, implementation of ERP, and ERP benefits as influencing factors for firm performance. Major findings of this study show that 1) IOC and benefits of ERP are positively related to firm performance, 2) IOC is positively related to implementation of ERP, 3) implementation of ERP is positively related to ERP benefits, 4) IOC and benefits of ERP are mediated by the implementation of ERP, and 5) the relationship between implementation of ERP and firm performance is mediated by the benefits of ERP. Overall, the findings of this study support our hypotheses with one exception, implementation of ERP is not related to firm performance in Pakistan. Our subsample analysis reveals that the insignificant impact of ERP implementation on FP is confined to energy and manufacturing sector firms. In contrast, the effect of ERP implementation on FP is significantly positive in the subsample of service and non-manufacturing sector firms, which require less energy (electrical power), in Pakistan.
The remainder of this study is structured as follows. Section 2 provides the theoretical background and literature review to explain the hypotheses development. Section 3 of the study describes the methodology employed in this study. Section 4 discusses the main results of the study. Finally, Section 5 provides conclusions, implications, and future extensions of the study.
2 THEORETICAL FRAMEWORK AND HYPOTHESES DEVELOPMENT
2.1 The resource-based view and innovative organizational culture
The resource-based view (RBV) states that firms utilize all their resources to foster IOC to achieve a competitive edge in the market and increase FP. IOC is an intangible asset used to respond to inventions, effectually take risks efficiently, and proficiently forecast future market trends (Brettel and Cleven. 2011). IOC enhances the power of creativity, shared responsibility, and decentralized decision-making, leading to higher employee motivation. Similarly, the implementation and execution of creative solutions are also encouraged by a resource-based view (Wamba et al., 2017; Uzkurt et al., 2013).
2.2 Implementation of enterprise resource planning
ERP is a comprehensive integrative system of planning, arrangement, and testing that improves the efficiency of an organization’s operations. It also provides real-time data, reliable information, effective channel coordination, and enhances customer service through the integration of the resources (Chofreh et al., 2018). Organizations that have efficaciously implemented the ERP system are found to provide state-of-the-art solutions to existing problems. Similarly, implementing ERP enhances employees’ ability to fulfill tasks and efficiently make optimal decisions. Other well-documented benefits include improved operational performance and replacing existing systems and processes with new advanced alternatives to improve firm performance (Awa et al., 2021).
2.3 Benefits of enterprise resource planning
The value attained as the outcome of the ERP implementation—quick generation of financial information, reduced cycle time, decreased operational cost, increased operational capacity, and rapid response to customers and suppliers—is considered a benefit of ERP. Yang and Lim (2009) state that ERP has numerous benefits, which can be categorized into five dimensions: operational, managerial, strategic, technological (IT and infrastructure), and organizational. Operational benefits are associated with automating cross-sectional processes (Yang and Lim 2009). ERP enables firms to standardize, rebuild, streamline, and automate internal tasks to improve the operations of firms. For instance, effective inventory management, cost reduction, decreased time lags, and enhanced customer services (Psarakis 2015). Managerial benefits include efficiently managing human resources, production, and inventory (Yang and Lin 2014). It is also associated with monitoring and controlling the financial outcome of firms’ activities (Yang and Lim 2009).
Strategic benefits focus on the capability of the system to support business growth. ERP implementation enables firms to reduce costs, enhance differentiation, improve innovation, have reliable information, and strengthen external linkages (Bradford and Florin 2003). The benefits of Information Technology (IT) infrastructure consist of profits arising from a cost reduction to maintain the legacy systems. ERP systems, with their integrated and standard applications, support business flexibility for future changes, abridged IT costs, and enhance the competency for quick and economical implementation of new applications (Shang and Seddon 2002). In sum, the benefits of ERP include the facilitation of business learning, empowerment of staff, higher employee morale, and job satisfaction.
2.4 Firm performance
Firm performance indicates several concepts, such as growth, profitability, productivity, efficiency, return, competitiveness, directing, evaluation, efficacy, and quality (Taouab and Issor 2019). It is a combination of two aspects, namely efficiency and effectiveness, as firms show good performance simultaneously when they are efficient and effective (Siminica et al., 2020). Therefore, firm performance is measured by its actions, efficacy, and effectiveness (Al-Matari et al., 2014). However, organizational effectiveness and firm performance are different concepts: organizational effectiveness consists of three layers, while firm performance is a subset of organizational effectiveness covering operational and financial outcomes (Selvam et al., 2016). Firm performance can also be determined by operational- and financial-performance. Operational performance includes employees’, customers’, and suppliers’ satisfaction.
As employees’ satisfaction, customers’ satisfaction, and better firm performance are highly correlated factors, the “service profit chain” is developed based on three disciplines: employee capability, customer loyalty, and financial outcome. This practice reduces the training cost of new employees and turnover rate, which collectively enhances employee satisfaction and retention (Hosseini et al., 2022). Thus, the motivated employees turn to comparatively satisfied employees. Such highly enthusiastic employees also perform their tasks actively and ensure high-quality service; as a result, such firms generate higher sales and profits (Bernhardt et al., 2000).
Customers’ satisfaction plays a decisive role in the high performance of a firm (Johnson et al., 1996): it leads to repurchase intention and customer loyalty to meet customer expectations. Since all firms emanate in the market with the same objective—to meet customers’ expectations and improve the quality of the products and services (Santos and Brito 2012)—existing and loyal customers help achieve such outcomes compared to new customers (Munthe et al., 2022).
Suppliers’ satisfaction also plays a vital role in supply chain management. For example, recently, firms have been more focused on just-in-time delivery (JIT) and eliminating unnecessary carriage activities to reduce the distributive cost, boost the collaborative environment, and improve delivery and reliability (Soliman and Noorliza 2022).
2.5 Research model and hypotheses development
This part of the study explains the research model and hypotheses.
2.5.1 Innovative organizational culture and firm performance
Valencia et al. (2015) report that IOC has a positive relationship with FP: since it promotes creativity, initiative taking, and decentralized decision-making, employee motivation to improve firm performance substantially increases. Chen et al. (2020) report that IOC has a direct and significant relationship with FP, and boosts a firm’s outcomes, including higher profitability, production, improved growth, and better competitive advantage. Soft or non-economic outcomes consist of higher customer satisfaction, reduced employee turnover, and improved stakeholder relationship, which lead to comparatively higher firm performance. Artz et al. (2010) spotlight the direct and significant link between IOC and FP: the IOC-oriented firms enjoy higher profitability, growth, and competitiveness; thus, IOC leads to increased firm performance.
Contrarily, for organizations with a collective culture, bringing innovations is problematic and negatively affects the firm performance (Wang and Zatzick 2019). Khan et al. (2018) show an insignificant effect of IOC on FP, transformational leadership, and a conducive learning role in improving a firm’s internal capabilities. It is found that these two factors empower a firm’s internal environment and foster innovations. The absence of these elements in the Chinese industry leads to the low performance of firms. A higher distinctive culture in a firm tends to weaken the practices and effectiveness of collective culture, which leads to lower efficiency of group-oriented innovative ideas in the firm. It brings an inverse impact on the FP (Steenkamp et al., 1999).
Given the above discussion, this study examines whether the following hypothesis regarding the relationship between IOC and firm performance holds in Pakistan.
H1: Innovative Organizational Culture (IOC) is positively related to FP.
2.5.2 Implementation of enterprise resource planning and firm performance
The extant literature shows that higher firm performance is attained through implementing ERP, i.e., by reducing many employees, intensifying more reliable automation processes, providing reliable information, and bolstering a firm to scrutinize its development. Thus, Hunton et al. (2002) find that implementation of ERP brings a higher return on assets (ROA), return on sales (ROS), and return on investments (ROI). In addition, increased internal and external collaborations, improved communication processes by accessing wide-ranging information, enhanced organizational efficacy and productivity, and a strong decision-making process to attain a competitive edge in the market are other benefits well-documented in the literature (Haberli et al., 2017).
Contrary to the above findings, Rajan and Baral (2015) document an insignificant association between the implementation of ERP and FP due to the absence of entrepreneurial culture. Wieder et al. (2006) similarly find that a higher level of complexity in the implementation process incurs huge pre- and post-implementation costs; therefore, firms with an extensive ERP implementation history failed to achieve overall FP. From the perspective of the learning curve, existing literature shows that extensive trainings frustrate employees, which is also an important reason for reduced firm performance (Poston and Grabski 2000; Al-Dhaafri et al., 2016). This study proposes the following hypothesis regarding the relationship between ERP implementation and firm performance:
H2: Implementation of ERP is positively related to FP.
2.5.3 Benefits of enterprise resource planning and firm performance
The extant literature shows that ERP benefits advance both horizontal integration (i.e., the components of the value chain) and vertical integration (i.e., the supporting functions). Davenport (1998), Shang and Seddon (2002), and Wieder et al. (2006) document that ERP benefits include automation of business processes and incremental operational performance of firms by improving their quantity and quality of customer service. Yang and Lim (2009) report a positive association between the operational benefits of ERP and FP. By facilitating daily operations, improving cash management, and decreasing operating costs, ERP prompts production growth, boosts customer service quality, improves the management system, reduces costs and enhances the information flow. Esteves (2009) reports that the benefits of ERP and FP are significantly linked as ERP enhances the progress in financial processes, efficiently manages a firm’s operations, cuts down the inventory and administrative costs, and improves the approachability to market demands. ERP also upgrades the inbound logistics by diminishing the cost of raw material, personnel costs in accounts payable, purchases, and inventory management. In addition, Shang and Seddon (2002) report that strategic benefits make efficient internal and external linkages.
Sari et al. (2012) also report a direct link between both constructs, as firms may enjoy both IT infrastructure and organizational benefits. These benefits include improved customer satisfaction, enhanced vendor performance, enlarged flexibility, improved business innovations and sweeping changes, efficient communication between employees and management, enhanced employee morale, reduced quality costs, improved resource utility, higher information accuracy, and decision-making capability.
However, Rouhani and Mehri (2018) show that the benefits of ERP and FP have an insignificant relationship due to the lack of learning and training sessions. In the wake of existing literature proposes the following hypothesis regarding the relationship between the benefits of ERP and firm performance:
H3: Benefits of ERP are positively related to FP.
2.5.4 Innovative organizational culture and implementation of enterprise resource planning
Several relevant studies discuss the positive association between IOC and the implementation of ERP. Firms with higher IOC are more inclined toward adaptability, implementation of innovative techniques, business integration, management principles, learning opportunities, effective training sessions, retaining the knowledge workers, and effective decision-making (Amoako-Gyampah and Salam, 2004; Yusuf et al., 2004; Hsu et al., 2008; Damanpour and Schneider, 2009; Ruivo et al., 2012; Rouyendegh et al., 2014). On the contrary, Chou et al. (2014), Gajic et al. (2014), and Khan et al. (2018) did not find such a relation between IOC and implementation of ERP as the ERP implementation in their studies did not achieve the objectives of business process control, cutting down of cost, and increase in revenue. A further investigation suggests that the failure is the main reason for the loss, improper use of the system, lack of transformational leadership, and non-availability of top management support. Based on the above discussion, this study proposes the following hypothesis regarding the relationship between IOC and the implementation of ERP:
H4: IOC is positively related to the implementation of ERP.
2.5.5 Implementation of enterprise resource planning and benefits of enterprise resource planning
It is well established that ERP improves the flow of information across departments. The integration and standardization of the business processes smooth an organization’s operations, reducing the implementation and maintenance costs. Different from the above-stated well-established empirical findings, Gajic et al. (2014) report a reciprocal relationship between the implementation of ERP and the Benefits of ERP due to inefficient use of the technology and lack of perceived ease of use. This study, therefore, proposes the following hypothesis regarding the relationship between the implementation of ERP and the benefits of ERP.
H5: Implementation of ERP is positively related to the benefits of ERP.
2.5.6 The mediating role of implementation of enterprise resource planning
Martins and Terblanche (2003) and Matolcsy et al. (2005) document that the implementation of ERP mediates IOC and the benefits of ERP. Stratman (2007) reports a similar finding: it decreases the operational uncertainty, enhances the flow of information, improves the proper accessibility of a firm’s data, and empowers operational planning and decision-making. Unlike other outlined studies, implementation of ERP is not found to mediate the relationship between IOC and the benefits of ERP (Chou et al., 2014; Gajic et al., 2014): given that the improper use of the system and extended training leads to fewer benefits of ERP. This study proposes the following hypothesis regarding the mediation of the relationship between the IOC and the benefits of ERP by the implementation of ERP.
H6: The relationship between IOC and the benefits of ERP is mediated by the implementation of ERP.
2.5.7 The mediating role of benefits of enterprise resource planning
Stratman (2007) reports that the benefits of ERP mediate the relationship between the implementation of ERP and FP. ERP allows managers to align the structure and goals of firms to get better control of expenses, expand the efficiency of the supply chain, bring value to the customer, and improve the understanding of customers’ demands. A recent study by Menon (2019) reports that the benefits of ERP mediate the relationship between the implementation of ERP and FP in Canada. ERP enables firms to achieve fast and efficient business processes and standardized reporting through higher access to data sets, which are directly linked with a higher return on assets (ROA), returns on sales (ROA), and return on investments (ROI). Beheshti and Beheshti (2010) report that the benefits of ERP mediate the relationship between the implementation of ERP and FP. Thus, ERP is found to be vigorous in improving a firm’s productivity in two ways: operational effciency and customer satisfaction (Poston and Grabski 2000; Wieder et al., 2006). Report that the benefits of ERP do not mediate the relationship between the implementation of ERP and FP because recruitment of ERP engineers and knowledge workers is a costly activity, which may decrease the FP. Given the above discussion, this study proposes the following hypothesis.
H7: The relationship between the implementation of ERP and FP is mediated by the benefits of ERP.
3 RESEARCH METHODOLOGY
3.1 Survey, instrument, sample, and data collection
This study employs primary data, which is collected with the help of an online survey: the questionnaire we use is adapted from prior seminal studies. The development of the measurement items, design and structure of the questionnaire is in line with the guidelines from existing studies (Aydiner et al., 2019). The questionnaire is divided into two parts: dummy variables and constructs. Dummy variables include the nature of the firm, experience with ERP, number of employees, and designation of the respondent. All the questionnaire items of constructs are measured on the five-point Likert scale ranging from Strongly Disagree = 1 to Strongly Agree = 5, following Chang et al. (2008).
The unit of analysis of the current study is the medium to higher-level managers from 1) Energy and Manufacturing sector firms and 2) Services and other non-Manufacturing sector firms using ERP packages in their operations. Since Pakistan is an energy-deprived country (Ali et al., 2017), we divide the sample into two groups based on the type of business they are doing: 1) firms in the energy sector and those businesses that require extensive energy to produce their goods; firms in the services sector and those businesses that need comparatively little energy to produce their goods (or run their main operations). According to Abacus, the total population of firms using ERP package in their operations are six hundred (600), belonging to energy, manufacturing, services, and different other sectors in Pakistan Data was collected from 239 medium to higher-level managers using the purposive sampling technique, from six big cities of Pakistan: Karachi, Lahore, Islamabad, Peshawar, and Quetta. The target sample size was calculated using the sample size table proposed by Krejice and Morgan (1970). Respondents were personally contacted on LinkedIn. This research uses the technique of structural equation modeling (SEM) using Smart-PLS (Version 3). Hair et al. (2017) mention that this technique examines the structural relationships among the constructs. SEM technique is a combination of multiple regression and factor analysis, well-applied in relevant studies.
3.2 Response rate
A detailed bifurcation of the number of respondent services and other industries is as follows (detailed in Table 2): investment, banking and finance = 20; transportation, telecommunication and media = 10; information systems and technology = 50; real estate = 5; health and social services = 10; consulting industry = 10; marketing industry = 10; pharmaceutical industry = 9; educational industry = 2; and distribution industry = 5. Similarly, a detailed bifurcation of number of respondent energy and manufacturing industries is as follows: textile industry = 30; petroleum (energy) industry = 20; glass industry = 5; steel industry = 20; sugar industries = 5; food and beverages = 6; Automobile industry = 5; cotton industry = 10; paint industry = 5; and plastic and leather industry = 6.
TABLE 2 | Characteristics of sample.
[image: Table 2]4 RESULTS AND DISCUSSION
4.1 Confirmatory factor analysis
Harrington (2009) reports that Confirmatory Factor Analysis (CFA) is a type of structural equation modeling (SEM) that deals with the measurement model to test the hypothesis. It shows the relationship between the observed measures (indicators) and the latent construct of a particular research model to test the measurement model or the outer loadings. This study employs PLS-SEM to test the outlined hypotheses empirically. Bootstrapping with a subsample of 1,000 is practiced by Smart-PLS 3 to agree or reject the path coefficient. PLS algorithm does not support t-statistics, p-values, or standard error (Chin 1998). Suhr (2003) reports that CFA relies on statistical tests, namely convergent validity and discriminant validity. The concurrent validity consists of three other categories, namely factor loading (FL), composite reliability (CR), and average variance extracted (AVE), to determine the adequacy of model fitness. Table 3 shows the confirmatory factor analysis. A detailed description of each item mentioned in Table 3 is presented in the Supplementary Appendix. Note that we do not report those items that produce very small and insignificant values, for example, IOC3 and BERP7.
TABLE 3 | Results of confirmatory factor analysis (CFA).
[image: Table 3]In this table, Cronbach’s alpha shows the consistency among the items of constructs. The value of Cronbach’s alpha should be greater than 0.6 (Hair et al., 2017). Average Variance Extracted is used to measure errors in data; its value should be 0.5 or above. If the value of AVE is less than 0.5 and the value of the alpha is greater than 0.6, then AVE is valid and acceptable. Since the implementation of ERP and the benefits of ERP could be highly correlated, we check multicollinearity among all the selected variables using Variance Inflation Factor (VIF) analysis. The acceptable range of VIF value is largely considered 4, whereas in some cases, 5 and 10 are also considered within the acceptable range (Ahmar et al., 2022a; 2022b). In this study, the VIF values of constructs are less than 4, indicating no multicollinearity among the constructs.
4.2 Discriminant validity
Ab Hamid et al. (2017) report that discriminant validity explains whether one construct empirically differs from the other. It also measures the degree of differences between the overlapping constructs. This study is focused on assessing discriminant validity using the Fornell-Lacker., 1996 criterion. It shows that all items belong to different constructs and are non-overlapping constructs. The square root of each construct’s AVE (diagonal) should have a greater value than all relative constructs’ correlations (off-diagonal). Table 4 reports the results of discriminant validity.
TABLE 4 | Results of discriminant validity.
[image: Table 4]Table 5 reports the regression analysis results and shows that both IOC and the benefits of ERP (BERP) have a positive and significant relationship with FP: the path coefficients are 0.137 (p = 0.000) and 0.594 (p = 0.017), respectively. However, the relationship between the implementation of ERP (DIERP) and FP shows a negative and insignificant relationship; the value of the path coefficient is −0.025 (p = 0.785). These findings indicate that while hypotheses H1 (IOC-FP) and H3 (BERP-FP) are accepted, hypothesis H2 (DIERP-FP) must be rejected. Our further analysis shows that the relationship between IOC and DIERP and between DIERP and BERP is positive and significant, with path coefficients 0.456 (p = 0.000) and 0.479 (p = 0.000), respectively. Thus, we accept both H4 (IOC-DIERP) and H5 (DIERP-BERP) hypotheses.
TABLE 5 | Relationship among IOC, DIERP, BERP and FP, and the mediating role of BERP and DIERP.
[image: Table 5]The results examining whether DIERP mediates IOC and BERP and BERP mediates DIERP and FP are presented in Panel B of Table 5. We find that the mediating relationship is significant and acceptable at a 95% confidence level for both DIERP and BERP; thus, we must accept hypotheses H6 (IOC-DIERP-FP) and H7 (DIERP-BERP-FP). The mediating role of BERP and DIERP are detailed in Figures 2, 3.
[image: Figure 2]FIGURE 2 | Mediating role of DIERP in the relationship between IOC and BERP.
[image: Figure 3]FIGURE 3 | Mediating role of BERP in the relationship between DIERP and FP.
In sum, our regression analysis shows that all the outlined hypotheses are accepted except the negative and insignificant relationship between DIERP and FP, indicating that firms should emphasize the mechanism to shape, encourage and strengthen the ERP implementation to sustain the change and enhance FP accurately. It is evident that implementing ERP without IOC and a project management team creates various stressful situations for the firms. However, senior managers’ continuous monitoring of the implementation of ERP system and engagement in the overall team management and communication process could be the remedy. As a precise exposition of our major findings, the hypotheses we test and their corresponding empirical results are outlined in Table 6.
TABLE 6 | Hypotheses testing and corresponding empirical results.
[image: Table 6]4.3 Robustness test
As discussed earlier, Pakistan is facing a chronic energy crisis that has severely affected the Pakistani society, economy, and business cycle variables, conceivably impacting many other factors (Ali et al., 2017, 2018). Therefore, for the robustness of our findings, we conduct a subsample analysis by dividing the sample firms into two groups: firms in the energy (petroleum) and manufacturing (energy-intensive) sectors; firms in the service and non-manufacturing (less energy-intensive) sectors. The results are presented in Table 7 (service and non-manufacturing firms) and Table 8 (energy and manufacturing firms).
TABLE 7 | Relationship among IOC, DIERP, BERP, and FP, and the mediating role of BERP and DIERP: Service and non-manufacturing sector subsample.
[image: Table 7]TABLE 8 | Relationship among IOC, DIERP, BERP, and FP, and the mediating role of BERP and DIERP: Energy and manufacturing sector subsample.
[image: Table 8]A straightforward comparison between Tables 6 and 7 demonstrates that while all the seven hypotheses (H1, H2, H3, H4, H5, H6, and H7) are accepted in the subsample of service and non-manufacturing sectors firms, six of them are accepted in the subsample of energy and manufacturing sector firms. H2 (DIERP-FP) is the only exception, which is negative and statistically insignificant at a 95% confidence interval (p = 0.054). Our results indicate that the insignificant and negative relationship between the implementation of ERP and FP in the full sample, reported in Table 4, is determined by the energy and manufacturing sector firms. Thus, once we exclude energy and manufacturing sector firms from the full sample, the negative relationship between the implementation of ERP and FP turns to positive and significant in the subsample of service and non-manufacturing sector firms. Therefore, we likewise suggest senior managers’ continuous monitoring and engagement in the overall team management and communication process while implementing the ERP system. Our further testing that examines the mediating role of DIERP and BERP in both subsamples is presented between Figures 4 and 7. Figures 4, 5, 6, 7 detail the mediating role of 1) DIERP in the relationship between IOC and BERP and 2) BERP in the relationship between DIERP and FP for the subsample of service and non-manufacturing (energy and manufacturing) sector firms, respectively.
[image: Figure 4]FIGURE 4 | Mediating role of DIERP in the relationship between IOC and BERP: A subsample of service and non-manufacturing sector firms.
[image: Figure 5]FIGURE 5 | Mediating role of BERP in the relationship between DIERP and FP: A subsample of service and non-manufacturing sector firms.
[image: Figure 6]FIGURE 6 | Mediating role of DIERP in the relationship between IOC and BERP: A subsample of energy and manufacturing sector firms.
[image: Figure 7]FIGURE 7 | Mediating role of BERP in the relationship between DIERP and FP: A subsample of energy and manufacturing sector firms.
5 CONCLUSIONS, IMPLEMENTATIONS, AND FUTURE RECOMMENDATIONS
This study examines the processes through which Innovative Organizational Culture (IOC) affects firm performance (FP) in the wake of Enterprise Resource Planning (ERP) implementation and benefits. In addition, this study examines the mediating role of the implementation of ERP in the relationship between IOC and the benefits of ERP, and the benefits of ERP in the relationship between the implementation of ERP and FP. In doing so, we collect a comprehensive dataset from all major cities of Pakistan: the final sample includes 234 responses from medium-to high-level managers of firms that employ ERP systems. Given the well-documented energy crisis and circular debt of energy sector firms in Pakistan, our sample maintains a comparable number of firms between “energy and manufacturing” (112) and “service and non-manufacturing” (122) sectors.
In the light of existing literature, we test seven (7) hypotheses: 1) IOC is positively related to FP; 2) Implementation of ERP is positive related to FP; 3) Benefits of ERP are positively related to FP; 4) IOC is positively related to the implementation of ERP; 5) Implementation of ERP is positive to benefits of ERP; 6) Implementation of ERP mediates the nexus between IOC and benefits of ERP; and 7) Benefits of ERP mediates the relationship between implementation of ERP and FP. By employing Smart-PLS 3, we find that 6 out of 7 hypothesized relationships are true; thus, we accept 6 (H1 and H3–H7) hypotheses. The only exception is H2, indicating that the implementation of ERP is negatively and insignificantly related to firm performance. These findings suggest that IOC plays a crucial role in change management, which fosters innovations, encourages new ideas, and facilitates higher performance. IOC-oriented firms are likely to invest capital in technological innovations to adopt and implement advanced packages (e.g., ERP systems) in their operations to enhance FP. The negative and insignificant relationship between the implementation of ERP and FP shows that the implementation of ERP in the absence of IOC may create a stressful situation for a firm that possibly leads to decreased performance. In addition, we find that implementation of ERP mediates the relationship between IOC and benefits of ERP, and benefits of ERP mediates the relationship between implementation of ERP and FP.
Finally, we conduct a subsample analysis to understand whether the inter-relationships among IOC, the implementation of ERP, the benefits of ERP, and FP are diverse across firms in the “energy and manufacturing sector” and “service and non-manufacturing sector”. Our results show that while 6 of 7 hypotheses are true for the “energy and manufacturing” sector (similar to full sample analysis), all 7 hypotheses are accepted for the “service and non-manufacturing” sector. These findings indicate that the negative and insignificant relationship between the implementation of ERP and FP is confined to energy and manufacturing sector firms. Our empirical results and its interpretation in the light of extant literature together reveal that the implementation of ERP in the energy and manufacturing sector firms in the absence of IOC and project management experts could produce a stressful situation for a firm and its employees, which possibly are the main reasons of reduced firm performance. This study, therefore, suggests that senior- and medium-level managers should continuously monitor the implementation of ERP and determinedly engage themselves in the overall team management and communication process to achieve higher firm performance. Additional practical and managerial implications, specifically for Pakistan’s energy and manufacturing sector firms, include highlighting transformational leadership and efficient training sessions to sustain the change management system.
Further studies can take the perceived ease of the digital business ecosystem, environmental factors, and firm size, among other constructs, as exogenous variables affecting firm performance or moderators in the model. In addition, examining sector-wise sustainable business performance determinants (Hadi and Baskaran 2021), implementation of ERP in the light of industry 4.0 environment (Ferrari et al., 2021), and establishing guidelines for the implementation of sustainable ERP systems (Chofreh et al., 2020) can be interesting extensions of this study.
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The carbon emission trading mechanism is an environmental regulation that has both market and government orientations and has a significant impact on the innovation of green technology and low-carbon development. Based on the evolutionary game theory and considering the strategic choices of different enterprise types in the carbon trading market, a three-party game model, involving enterprise A, the government, and enterprise B, is constructed. Based on data on the carbon emission trading market, data simulation is used to analyze the evolutionary game trajectory of government and enterprise behavior strategies. This study finds that 1) carbon prices, additional green technology innovation benefits, and innovation incentives have a significant impact on corporate strategy choices, as with higher carbon prices, additional benefits, and greater innovation incentives, green technology innovation can compensate for corporate innovation investment enterprises tending to choose innovative strategies; 2) enterprises with different innovation inputs and outputs have different strategic choices under identical conditions, such as small enterprise B having higher input and lower output than large enterprise A, and therefore, when the government encourages policies such as innovation subsidies, it must treat different types of enterprises differently; and 3) the cost of supervision and punishment can help avoid behaviors such as “floating green” and “fraudulent compensation”, but enterprises and the supervision strategy of the government are affected by the associated supervision cost. This study not only further verifies the Porter hypothesis in both theory and practice but also has important implications for corporate green innovation strategies and government regulatory behavior while providing a reference for the carbon emission trading market and corporate low-carbon development.
Keywords: the trading market of carbon emission rights, green technology innovation, evolutionary game, data simulation, stabilization strategy
1 INTRODUCTION
The advancement of the global industrialization process has not only created unprecedented wealth for human beings but also caused irreparable damage to the natural environment (Yang et al., 2020; Yu et al., 2020). As a byproduct of energy consumption, the substantial increase in the total amount of carbon dioxide emissions has had a series of adverse effects on the ecological environment and global climate (Ren et al., 2022a; Zhang et al., 2022). The carbon emission trading mechanism is regarded as one of the most efficient market means to reduce energy consumption and carbon dioxide emissions and has an important impact on the promotion of low-carbon development and guiding of the green technology innovation of enterprises (Hammoudeh et al., 2015; Zhao et al., 2020). Green technology innovation has the characteristics of “innovation” and “green,” thus not only reflecting the concept of green and sustainable development but also meeting the requirements of the era of high-quality economic development. Such innovation is an effective method to solve the dilemma of economic growth, energy conservation, and emission reduction (Wang and Zhang, 2020). Therefore, the study on the green technology innovation of enterprises under the carbon emission trading market is of great significance for both policymakers and enterprises.
The carbon emission trading mechanism is a dual-oriented environmental regulation with both market and government orientations that internalizes the externalities brought about by carbon emissions through a price mechanism (Wei and Ren, 2021). On the one hand, enterprises can purchase carbon emission rights in the carbon trading market, thereby increasing the cost of emission reduction, and on the other hand, enterprises can obtain innovation incentives and additional income through green technology innovation, simultaneously selling excess carbon emission rights and making profits (Jiang et al., 2022a). Profit-seeking companies choose technological innovation under the constraints of carbon emissions to promote low-carbon production and reduce carbon emissions per unit of output (Fan et al., 2022).
However, whether the carbon emission trading mechanism can induce corporate innovation is a hot issue that has been widely considered in academic and practical circles. Porter and Vander Linde (1995) pointed out that rationally designed environmental regulations can stimulate innovation and produce innovation compensation effects. In other words, environmental regulations play an important role in promoting technological innovation. Johnstone et al. (2012), Qi and Zhang (2019), Ley et al. (2016), and Dong and Wang (2021), among other studies, have considered the Porter hypothesis. However, some scholars’ studies have shown that environmental regulation hinders green technology innovation. In other words, the Porter hypothesis is not necessarily true. Wu et al. (2019), Ren et al. (2019), and Zhang (2020), among others, have suggested that the environmental regulation increases enterprise costs, thus inhibiting the technological innovation of enterprises. Ren et al. (2021) showed that in addition to those target heavy-polluting industries directly, the environmental regulations do not result in improved environmental effects. In the absence of sufficient market and institutional elements for matching, excessive technological investment forms a “resource curse” effect, which is not conducive to green technology innovation (Zhu et al., 2022). The cost of green technology innovation for enterprises to achieve zero carbon emissions is too high, and the increase in environmental governance investment causes enterprise costs to become too high, thus forming a crowding out effect on corporate R&D investment and hindering corporate green technology innovation (Wang et al., 2022). Therefore, one of the aims of this study is to explore whether corporate innovation can be induced under the carbon emission trading mechanism and to verify the Porter hypothesis.
As a participant in the emission trading market, there is a supply and demand relationship between enterprises, and different innovation costs have an important impact on the strategic choice of enterprises. The adoption of green innovation technology by enterprises can help them enhance their sustainable development and maintain their relative advantages in the face of future market competition (Tang and Hu, 2018). However, negative externalities such as higher R&D costs and uncertain green product demand reduce the drive of enterprises to adopt green innovation technologies (Wang and Li, 2021a). Therefore, the study on the strategy choice of enterprises with different innovation costs in the carbon emission trading market is another aim of this research study.
More importantly, in the carbon emission trading market dominated by the government, the strategies of the government and the enterprises restrict and influence each other (Fang et al., 2021). Government behavioral strategies can lead to “superficial” innovation by firms. The market-oriented green technology innovation system is an important means to promote the construction of an ecological civilization (Lu et al., 2021), but the technological innovation of enterprises is also characterized by disturbances such as large investment, high risk, and uncertain returns, leading to enterprises, as “economists,” exhibiting discretionary behaviors (Liang and Xu, 2020). Small enterprises are prone to shut down under strict environmental protection policies due to factors such as transformation and sunk costs, while some large and medium-sized enterprises are prone to strategic innovations such as “greenwashing on the surface” and “greening in the short term” due to the short-term profit-seeking behavior (Shao et al., 2018). Although the government regulation forces enterprises to carry out green technology innovation to a certain extent, the compensation for the green innovation of enterprises is limited to the upper limit of administrative penalties, which can easily lead to some enterprises being satisfied with the “standards” of green innovation activities (Tao et al., 2021). Then, under the carbon trading market, the identification of how the government implements innovation incentive strategies to avoid the phenomenon of “pseudo-innovation” or “subsidy fraud” while promoting corporate emission reduction research and development is the third goal of this study.
Focusing on the three issues mentioned previously, this study builds a three-party evolutionary game model involving enterprise A, the government, and enterprise B, under the carbon emission rights trading mechanism based on previous research works and considering the strategic behavior of different types of enterprises. The data on the rights trading market are simulated, and the game stability strategies of each subject under different scenarios are obtained. The present study is different from those in the literature as follows: first, this research method fully considers the different results produced by the different innovation costs of enterprises. Existing studies have usually not distinguished between enterprises with different green technology innovation costs, which may lead to a “one-size-fits-all” policy that can adversely affect some enterprises. Thus, this study makes up for this deficiency. Second, the evolutionary game method using bounded rationality is more realistic than the other methods. When studying the game relationship between the government and enterprises, many scholars have adopted the traditional game model based on the assumption of complete rationality. However, in fact, the information about the participants in the game is incomplete, and both the government and enterprise are often not completely rational. Therefore, the game model based on bounded rationality has more practical value.
Our research finds that 1) carbon prices, additional benefits of technological innovation, and innovation incentives have important influences on corporate strategy choices; 2) enterprises with different innovation inputs and outputs have different strategic choices under the same conditions, as for large enterprises with lower innovation costs, it is easier to compensate for their innovation costs through the carbon emission trading market and thus choose technological innovation, while small enterprises with high innovation input and low output tend to purchase carbon emission rights in the carbon market; and 3) the penalty cost of supervision and “pseudo-innovation” helps avoid pseudo-innovation behaviors such as the “short-term greenery” of enterprises. In addition, the simulation results of different scenarios all show that the Porter hypothesis is valid; that is, the Porter hypothesis is further verified both theoretically and practically.
The contributions of this study are as follows: first, this study provides a new perspective on the study of corporate green technology innovation. Based on the carbon emission trading market, we analyze green technology innovation from the dual orientation of market and policy. This approach avoids the insufficiency of analyzing government and enterprise behavior strategies from a single orientation of either policy or market.
Second, this study specifically distinguishes the strategic choices of enterprises with different innovation costs in the carbon emission trading market, thus providing a reference for the formulation of government incentives. Previous studies have usually regarded the innovation costs of enterprises as being exactly the same, and few studies have considered that enterprises have different innovation costs. Therefore, we distinguish the strategic choices of enterprises with different innovation costs. Under the carbon emission trading mechanism, we study the strategic choices of enterprises with different innovation costs from the perspective of the supply and demand relationship of carbon emission rights.
Third, with the help of the evolutionary game model, this study deeply analyzes the relationship between government behavior and enterprise green technology innovation, discusses the data simulation of different scenario models, and offers new solutions for the government, such as “strategic innovation” and “short-term greenwashing,” in terms of governing the behaviors of enterprises.
The rest of the article is organized as follows: Section 2 reviews the relevant literature and proposes and analyzes the evolutionary game theory adopted in this research; Section 3 proposes research hypotheses and constructs a three-party evolutionary game model involving enterprise A, the government, and enterprise B; Section 4 analyzes the evolutionary equilibrium of the evolutionary game participants’ strategies; Section 5, based on the data on the carbon emission trading market, simulates the equilibrium strategy; and Section 6 presents future research directions.
2 LITERATURE REVIEW
Carbon dioxide produced by energy consumption has brought about serious environmental problems to the world (Ren et al., 2022a; Jiang et al., 2022a). With the increasingly serious impact of carbon dioxide on the environment, low-carbon development has attracted the attention of all countries. In the face of carbon dioxide emissions and environmental changes, how to balance economic growth and environmental protection has become an important issue. Green technology is considered an important tool for balancing environmental degradation and economic development (Xu and Cui, 2020).
Green technology innovation is the general term for those processes and technologies for controlling environmental pollution and improving resource utilization (Braun and Wield, 1994), aiming to emphasize the use of new technologies and concepts to achieve the efficient use of resources and effective reduction in pollution while obtaining the corresponding economic performance (Wang and Li, 2019) to achieve a win–win situation for economic benefits and environmental protection. However, some scholars have found that the green technology innovation of enterprises in practice, both economic benefits and environmental benefits, is obtained, showing a positive externality; however, due to the unclear definition of environmental property rights and the unsound revenue economy system, such innovation causes market failure and exhibits negative externalities; that is, there are double externalities in green technology innovation (Cai and Li, 2018; Bian et al., 2021). Moreover, the “dual externalities” brought about by technological spillovers and environmental protection often lead to “dual market failure,” which causes green technology innovation investment to decrease to below the socially optimal scale for a long time (Jaffe et al., 2004). Therefore, there is an urgent need to explore reasonable and effective environmental policies to eliminate such “dual market failure” and promote green technology innovation to achieve the “dual carbon goal” (Xu et al., 2022).
In fact, the government and enterprises are two participants in the carbon emission trading market, and their relationship is actually a game process between the achievement of the government’s emission reduction targets and the long-term behavior choices of enterprises (Chen et al., 2021). On the one hand, the carbon price affects the emission reduction cost of enterprises, which in turn affects the way of their emission reduction (Jiang et al., 2022b). On the other hand, the government can improve both the efficiency of the carbon market and the effectiveness of carbon emission reduction through carbon emission trading (Ren et al., 2022b; Ren et al., 2022c). Moreover, the regulation of the government will also have an impact on the carbon market, thereby improving the environment (Ren et al., 2022d). Therefore, how to analyze the mechanism of action between the two and explore the evolutionary path of green technology innovation under the carbon emission trading mechanism is a proposition worthy of further study. However, due to the complexity of the relationship between the government and enterprises, there is no standard index system for measuring the evolution path between these two factors. The game theory, as a tool for studying the strategic choices of participants, can well analyze the whole process of government–enterprise games. For example, Cao et al. (2011) constructed a three-stage dynamic game model to study the impact of government incentives on corporate emission reductions. For low-carbon development, Wan and Lu (2015) constructed a dynamic game model between the government and enterprises under an environmental pollution emission quota system and studied and analyzed the dynamics of the government’s expectation of social costs and enterprises’ pollution reduction costs under different circumstances. Moreover, Zu et al. (2018) used a Stackelberg game model to analyze the optimal strategic choices of the government and enterprises in the supply chain. It is worth noting that the aforementioned game models are traditional game models, which are based on the assumption that game participants are completely rational and that participants make strategic choices under the condition of complete information (Fang et al., 2021). However, in the real economic world, the conditions of complete rationality and complete information about participants are difficult to achieve, and both the government and enterprises are often not fully rational (Simon, 1990).
To make up for this shortcoming of the traditional game theory, many scholars have used evolutionary games to study green technology innovation based on bounded rationality. Under the assumption of bounded rationality, Wang and Li (2021b) and Wang and Liu (2022) constructed a business–consumer–government tripartite evolutionary game model to analyze the evolution process of the equilibrium strategy of the system under different real-world situations and explore the evolution path and law of the three-party decision-making subject under the market-oriented mechanism. Although this evolutionary game model was constructed based on the assumption of bounded rationality, the research perspectives of different scholars can differ. Under policy guidance, Shang et al. (2021), with the help of the evolutionary game theory, focused on analyzing the process of different policies for enterprises in selecting two green technology innovation modes—resource capture and value creation. Moreover, Chen et al. (2021) constructed an evolutionary game model between the government and enterprises across regions and discussed the evolution process of government supervision and decision-making and government-to-enterprise green technology transformation decisions. It is believed that strict environmental regulation policies and supervision mechanisms promote the green technology transformation of enterprises. The aforementioned scholars studied green technology innovation from a single orientation based on the assumption of bounded rationality, while Chen et al. (2022) used the evolutionary game theory to construct a two-stage evolutionary game model of green technology innovation diffusion based on complex market networks. Analyzing the optimal and stable conditions for the diffusion of green technology innovation from the perspectives of the government and market provides a new research aim for this study. However, the aforementioned scholars did not consider that different types of enterprises have different effects on the strategic choice of green technology innovation.
In summary, although the evolutionary game theory has been used by many scholars to study the evolution process of corporate green technology innovation under environmental regulation, the existing research is still based on policy orientation, and few studies have explored the choice of government and enterprise strategies in the carbon emission trading market from the dual orientation of the government and the market. More importantly, evolutionary game models usually see companies as homogeneous and ignore the strategic choices of companies with different innovation costs.
3 MODEL ASSUMPTIONS AND CONSTRUCTION
3.1 Model assumptions
In a market where green technology innovation and carbon emission trading coexist, the government and different enterprise types, as game participants, have limited rationality. Enterprises can be divided mainly into two groups, namely, large enterprise A and small enterprise B, and their strategies are the same: {innovation, purchasing}. The government is recorded as group G, and its strategy is {strict regulation, loose regulation}.
Assumption 1: the initial payoff of enterprise i is Ri>0; i = A, B.
Assumption 2: according to the requirements of the government, the carbon emission reduction required by enterprise i is qi, and the trading price of carbon emission allowances that is determined by the market is p.
Assumption 3: the innovation cost of enterprise i is Ci, and its carbon emission reduction following innovation is Qi. Here, Qi > qi; that is, enterprise i not only fulfills government requirements following innovation but also has an excess carbon emission quota (Qi -qi) for sale in the market. At this time, if enterprise j adopts the purchasing strategy, then enterprise i is able to obtain additional income △I; otherwise, it is zero, where j = A, B and j≠i.
Assumption 4: if only enterprise i chooses to innovate, then the government can obtain benefit πi. If both enterprises A and B choose innovation, then the government can obtain benefit π.
Assumption 5: the government has introduced environmental regulations as a means of encouraging enterprises to innovate green technologies. The government provides enterprise j with special funds wi to assist it in developing green technology innovations. Regardless of the strategy of the government, both enterprises have access to this special fund. To prevent enterprises from “defrauding” such special funds, the government regulates the market with a certain probability, and its regulation cost is CG. If the government chooses a strict regulation, then the probability of the regulation is 1. If the government chooses a loose regulation, then the probability of the regulation is α, where 0≤α < 1. When the government regulates the market, if enterprise j chooses to purchase, then special fund wi is recovered, and a fine, Ti, can then be imposed.
Assumption 6: the probabilities of enterprises A and B choosing innovation are x and y, respectively, where 0 ≤ x ≤ 1 and 0 ≤ y ≤ 1. The probability of the government choosing a strict regulation is z, where 0 ≤ z ≤ 1. In addition, x, y, and z are all functions of time.
3.2 Model building
Based on the aforementioned assumptions, the payoff matrix of the evolutionary game among enterprise A, enterprise B, and the government is shown in Tables 1 and 2. The first, second, and third rows of each cell in Tables 1, 2 the payoff of enterprise A, enterprise B, and the government, respectively.
TABLE 1 | Government chooses a strict regulation of the payment matrix.
[image: Table 1]TABLE 2 | Government chooses a lenient regulation of the payment matrix.
[image: Table 2]As shown in the aforementioned tables, the expected payoffs of enterprise A based on the strategies of innovation and purchasing are EAx and EA1−x, respectively. The average expected payoff is EA.
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The expected government payoffs based on the strict regulation and loose regulation strategies are EGz and EG1−z, respectively. The average expected payoff is EG.
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According to the evolutionary game theory, the replication dynamic equation of enterprise A, enterprise B, and the government can be obtained from Eqs 1–9:
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4 STRATEGY EVOLUTION EQUITY OF GAME PARTICIPANTS
4.1 Stability of the strategy choices of enterprises A and B
The influence of the probability of the adoption of innovative strategies of enterprises A and B on their stable equilibrium strategies can be described by Eqs 13, 14:
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Proposition 1. x rises as y falls, and y rises as x falls, that is., when one enterprise adopts innovation, the other has a tendency to choose purchasing.Proof: let yA = [△A+(z+α-zα) (wA+TA)+pQA-CA]/△A. When y>yA, dF(x)/dx|x = 0<0, the evolutionary stability strategy of enterprise A is x = 0, and all enterprises A have a tendency to buy carbon emission rights. When y = yA, dF(x)/dx≡0, the evolutionary stability strategy of enterprise A is x = 1, and all enterprises A have a tendency to select innovation. When y<yA, dF(x)/dx|x = 1<0, the evolutionary stability strategy of enterprise A is x = 1, and all enterprises A have a tendency to choose innovation. The last statement is self-evident according to its symmetry.
Proposition 2. x and y both increase as z increases, that is, when the government adopts a strict regulation, both enterprises A and B have a tendency to purchase carbon emission rights.Proof: let zA = [-α(wA+TA)-pQA+CA-(1-y)△A]/[(1-α) (wA+TA)]. The remainder of the proof is similar to that of Proposition 1 and is therefore omitted.
Proposition 3. when enterprise i obtains a government incentive and satisfies α(wi+Ti)>Ci-pQi, regardless of which strategy is adopted by enterprise j (j≠i) and the government, enterprise i has a tendency to adopt innovation. When enterprise i obtains the government incentive to satisfy (z+α-zα) (wi+Ti)>Ci-pQi, regardless of which strategy is adopted by enterprise j, enterprise i has a tendency to adopt innovative strategies. When enterprise i obtains a total incentive to satisfy △i+wi+Ti<Ci-pQi, regardless of which strategy is adopted by enterprise j and the government, enterprise i has a tendency to adopt a purchasing strategy. When the total incentive obtained by enterprise i satisfies △i+(z+α-zα) (wi+Ti)<Ci-pQi, regardless of which strategy is adopted by enterprise j, enterprise i has a tendency to adopt a purchasing strategy.Proof: due to symmetry, the four statements that hold for enterprise A are sufficient. 1) When α (wA+TA)>CA-pQA, (z+α-zα) (wA+TA)+pQA-CA+(1-y)△A>0 holds true for any y and z, and the evolutionary stability strategy of enterprise A is x = 1. 2) When (z+α-zα) (wA+TA)>CA-pQA, (z+α-zα) (wA+TA)+pQA-CA+(1-y)△A>0 for any arbitrary y constant is established, and the evolutionary stability strategy of enterprise A is x = 1. 3) When △A+wA+TA<CA-pQA, (z+α-zα) (wA+TA)+pQA-CA+(1-y)△A<0 holds true for any y and z, and the evolutionary stability strategy of enterprise A is x = 0. 4) When △A+(z+α-zα) (wA+TA)<CA-pQA, (z+α-zα) (wA+TA)+pQA-CA+(1-y)△A<0 for arbitrary y is constant, and the evolutionary stability strategy of enterprise A is x = 0.
4.2 Stability of government policy choices
The influence of the probability of the adoption of a strict regulatory strategy by the government on its stable equilibrium strategy is described by Eq. 15:
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Proposition 4. z increases as x and y decrease, that is, when both enterprises A and B innovate, the government has a tendency to loosen its supervision.Proof: the proof is similar to that of Proposition 1 and is therefore omitted.
Proposition 5. when the regulatory cost of the government satisfies CG>wA+TA+wB+TB, regardless of which strategy is adopted by enterprises A and B, the government has a tendency to adopt a lenient regulatory strategy. When the regulatory cost of the government satisfies CG<(1-y) (wB+TB), regardless of which strategy is adopted by enterprise A, the government has a tendency to adopt a strict regulatory strategy. When the regulatory cost of the government satisfies CG<(1-x) (wA+TA), regardless of which strategy is adopted by enterprise B, the government has a tendency to adopt a strict regulatory strategy.Proof: the proof is similar to that of Proposition 3 and is therefore omitted.
4.3 Evolutionary equilibrium of system strategies
From Eqs 10–12, the equations of the replication dynamic system of the three-group game, involving enterprise A, enterprise B, and the government, can be obtained. By solving these equations, we can obtain the following 15 equilibrium points:
E1 = (0,0,0); E2 = (1,0,0); E3 = (0,1,0); E4 = (0,0,1); E5 = (1,1,0);
E6 = (1,0,1); E7 = (0,1,1); E8 = (1,1,1);
E9 = (0, (wA+TA+wB+TB-CG)/(wB+TB), [CB-α(wB+TB)-pQB-△B]/(1-α) (wB+TB));
E10 = (1, (wB+TB-CG)/(wB+TB), [CB-α(wA+TA)-pQB]/(1-α) (wB+TB));
E11 = ((wA+TA+wB+TB-CG)/(wA+TA), 0, [CA-α(wA+TA)-pQA-△A]/(1-α) (wA+TA));
E12 = ((wA+TA-CG)/(wA+TA), 1, [CA-α(wA+TA)-pQA]/(1-α) (wA+TA));
E13 = ([α(wB+TB)+pQB+△B-CG]/△B, [α(wA+TA)+pQA+△A-CG]/△A, 0).
E14 = ((wB+TB+pQB+△B-CG)/△B, (wA+TA+pQA+△A-CG)/△A, 1),
E15 = ([(CA-pQA) (wB+TB)-(CB-pQB) (wA+TA)-△ACG+(wA+TA) (△A+△B)]/(wA+TA) (△A+△B),
(CB-pQB) (wA+TA)-(CA-pQA) (wB+TB)-△BCG+(wB+TB) (△A+△B)]/(wB+TB) (△A+△B),(CB-pQB) (wA+TA)△A+(CA-pQA)
(wB+TB)△B-△A△BCG-α(wA+TA) (wB+TB) (△A+△B)]/(1-α) (wA+TA) (wB+TB) (△A+△B).
The Jacobian matrix of the equations of the replication dynamic system is as follows:
[image: image]
among which, ∂F(x)/∂x = (1-2x)[(z+α-zα) (wA+TA)+pQA-CA+(1-y)△A].∂F(x)/∂y = -x(1-x)△A.∂F(x)/∂z = x(1-x) (1-α) (wA+TA).∂F(y)/∂x = -y(1-y)△B.∂F(y)/∂y = (1-2y)[(z+α-zα) (wB+TB)+pQB-CB+(1-x)△B].∂F(y)/∂z = y(1-y) (1-α) (wB+TB).∂F(z)/∂x = -z(1-z) (1-α) (wA+TA).∂F(z)/∂y = -z(1-z) (1-α) (wB+TB).∂F(z)/∂z = (1-2z) (1-α)[-CG+(1-x) (wA+TA)+(1-y) (wB+TB)].
According to the method proposed by Friedman (1991), when the real parts of the eigenvalues of Eq. 16 are all negative, the corresponding equilibrium point is ESS. Due to parameter uncertainty, the stability of the aforementioned equilibrium point is further analyzed in the following paragraphs.
Proposition 6. In any case, E8 = (1,1,1) is not an ESS; that is, if enterprises A and B choose to innovate at the same time, then the government choosing strict supervision is considered an unstable strategy.
Proof: the Jacobian matrix of E8 = (1,1,1) is a diagonal matrix, and its eigenvalues are -α(wA+TA)-pQA+CA, -α(wB+TB)-pQB+CB, and (1-α)CG. Moreover, E8 = (1,1,1) is not an ESS since (1-α)CG>0.
Proposition 7. (I) When CA-pQA<α(wA+TA) and CB-pQB<α(wB+TB), E5 = (1,1,0) is an ESS.(II) When CA-pQA<α(wA+TA), α(wB+TB)<CB-pQB<α(wB+TB)+△B, and CG>max{wA+TA,wB+TB}, E2 = (1,0,0) is an ESS.(III) When CB-pQB<α(wB+TB), α(wA+TA)<CA-pQA<α(wA+TA)+△A, and CG>max{wA+TA,wB+TB}, E3 = (0,1,0) is an ESS.(IV) When CA-pQA>wA+TA+△A, CB-pQB>wB+TB+△B, and CG<wA+TA+wB+TB, E4 = (0,0,1) is an ESS.(V) When CA-pQA<α(wA+TA), CB-pQB>wB+TB+△B, and CG<wB+TB, E6 = (1,0,1) is an ESS.(VI) When CA-pQA>wA+TA+△A, CB-pQB<α(wB+TB), and CG<wA+TA, E7 = (0,1,1) is an ESS.(VII) When wA+TA+△A>CA-pQA>wA+TA, CB-pQB>wB+TB+△B, and CG<min{wA+TA, wB+TB}, E6 = (1, 0, 1) is an ESS.(VIII) When CA-pQA > wA + TA+△A, wB + TB+△B > CB-pQB > wB + TB, and CG < min{wA + TA,wB + TB}, E7 = (0,1,1) is an ESS.Proof: under the conditions of (I)–(VIII), only E1–E8 satisfy 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, and 0 ≤ z ≤ 1. Therefore, the eigenvalues of (4-4) are as follows:
λ1 = (1-2x)[(z+α-zα) (wA + TA)+pQA-CA+(1-y)△A].
λ2 = (1-2y)[(z+α-zα) (wB + TB)+pQB-CB+(1-y)△B].
λ3 = (1-2z) (1-α)[-CG+(1-x) (wA + TA)+(1-y) (wB + TB)].
Under the aforementioned conditions, the symbols of the eigenvalues that correspond to each equilibrium point are shown in Table 3. Moreover, the proof is completed in Table 3.
TABLE 3 | Symbols of eigenvalues that correspond to I, II, III, IV, V, VI, VII, and VIII.
[image: Table 3]Proposition 8. E8=(1,1,0) is an ESS if and only if CA-pQA<α(wA + TA) and CB-pQB<α(wB + TB). Moreover, E8=(1,1,0) is a unique ESS.Proof: based on Proposition 7 and Table 3, sufficiency and uniqueness are self-evident. Regarding necessity, it is noted that the eigenvalues of (4-4) at E8 are -[α(wA + TA)+pQA-CA], -[α(wB + TB)+pQB-CB], and -(1-α)CG. Therefore, necessity can be demonstrated by Friedman’s method.
5 DATA SIMULATION
5.1 Data interpretation
From the aforementioned theoretical analysis, for the further study of the path of evolution for different types of enterprises and the government in the carbon emission trading market, market data are used to visualize the dynamic behavior of both sides of the game. According to carbon emission trading market data from China, as of 31 December 2021, 2,162 carbon emission companies were included, with total emissions of 4.5 billion tonnes, a quota transaction volume of 179 million tonnes, and a quota transaction value of 7.661 billion yuan. For the ratio of the quota turnover to quota transaction volume, the estimated transaction price is 42.80 yuan/tonne. For calculational convenience, the initial value of P in this article is 40 yuan/tonne.
When considering the strategy choice between different enterprise types, assuming enterprise A to be a large enterprise and enterprise B to be a small enterprise, and assuming the technological innovation input‒output ratio of A to be better than that of B, the emission reduction of enterprise A is better than that of enterprise B when the innovation costs of both enterprises are the same. With reference to the Implementation Plan for the Setting and Allocation of Total National Carbon Emission Trading Quotas for 2019–2020 (power generation sector), it is assumed that the initial emissions of enterprises A and B are 50,000 and 10,000 tonnes of carbon dioxide, respectively. It is then assumed that carbon emission reduction through innovation is 60,000 tonnes for enterprise A and 15,000 tonnes for enterprise B following innovations. The innovation input for the emission reduction of 10,000 tonnes of carbon dioxide per year for enterprise A is assumed to be 10 million, and for the emission reduction of 0.5 million tonnes of carbon dioxide per year, it is 6 million for enterprise B.
With reference to the Measures for Promoting Green and Low-carbon Development of the Guangzhou High-Tech Zone, Guangzhou Development Zone, a subsidy of 500 yuan per tonne of standard coal is given based on energy savings. Following conversion, a subsidy of 200 yuan per tonne is given to companies that are able to reduce their carbon dioxide emissions by over 500 tonnes per year. With reference to the Guidance Catalogue of Comprehensive Administrative Law Enforcement Matters for Ecological Environmental Protection (2020 Edition), this study imposes penalties on those enterprises that conduct pseudo-innovation of twice the amount of the subsidies. China currently has strict supervision of its carbon emission market, so the initial value of α is set to 0.8. Table 4 shows the initial data.
TABLE 4 | Initial values.
[image: Table 4]5.2 Scenario simulation
According to the theoretical analysis, the choice of equilibrium strategies for the government and different enterprise types is dependent on their respective costs and benefits, but with different parameters, the equilibrium strategy choice is also different. This study uses MATLAB software to simulate the data, and the main results are presented in the following section.
5.2.1 Impact of carbon trading prices on stabilization strategies
Scenario 1: IV is the initial state. Based on the initial data from Table 4, when △A<160 and △B<240, let △A = 100 and △B = 200, and assuming supervision cost CG = 200, IV is satisfied. Therefore, there is only one ESS in E1 and E4; enterprises A and B have significant innovation losses, and neither enterprise makes the choice to innovate. The government chooses strict supervision, and its stabilization strategy is (0, 0, 1) (as shown in Figure 1).
[image: Figure 1]FIGURE 1 | Evolutionary trajectory of the three-group game under condition IV.
Scenario 2: the price of carbon trading in China is currently approximately 80 yuan, so when it increases from 40 to 80, assuming that △B = 300, CG = 700, and α = 0.9, II is satisfied, and E2 is an ESS. The government chooses lenient supervision, enterprise A chooses innovation, and enterprise B chooses to purchase carbon emission rights, and thus the stabilization strategy is (1, 0, 0) (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Evolutionary trajectory of the three-group game under condition II.
Scenario 3: with the other conditions remaining unchanged, as the carbon trading price continues increasing, when p = 300 yuan, it is assumed that α = 0.8. At this point, I is satisfied, and E5 is an ESS. The government chooses a loose regulation, enterprises A and B both choose innovation, and thus the stabilization strategy is (1, 1, 0) (as shown in Figure 3).
[image: Figure 3]FIGURE 3 | Evolutionary trajectory of the three-group game under condition I.
From the data simulation, it can be seen that as the carbon trading price increases, large enterprise A is able to compensate for its innovation loss by selling its carbon emission rights through technological innovation, and its strategy changes from purchasing to innovating (Figures 1, 2). As the carbon trading price continues to increase, enterprises A and B choose technological innovation and compensate for their innovation costs by obtaining benefits from the carbon trading market. Therefore, enterprises A and B choose innovation (Figures 1–3). In addition, the simulation results indicate that for large enterprises with high input‒output innovation, such as enterprise A, increasing the purchase price to obtain more benefits is quite easy, and in such a situation, enterprises have a greater inclination to choose technological innovation. However, enterprise B, with low input–output innovation, chooses technological innovation only when the carbon trading price is quite high.
5.2.2 Impact of additional income on the stabilization strategy
Scenario 4: when the carbon price remains unchanged, p = 40, and when green technology innovation provides additional benefits for enterprises A and B, such as △A = 200, △B = 200, and CG = 200, VII is satisfied, and E6 is an ESS. The government chooses strict supervision, enterprise A selects innovation, and enterprise B chooses to buy carbon emission rights. The stabilization strategy is (1, 0, 1) (as shown in Figure 4).
[image: Figure 4]FIGURE 4 | Evolutionary trajectory of the three-group game under condition Ⅶ.
Scenario 5: based on Scenario 4, when the additional income of enterprises A and B continues to decrease, assuming that △A = 100, △B = 400, p = 40, and CG = 200, VIII is satisfied, and E7 is an ESS. The government chooses strict supervision, enterprise B selects innovation, and enterprise A chooses to buy carbon emission rights. The stabilization strategy is (0, 1, 1) (as shown in Figure 5).
[image: Figure 5]FIGURE 5 | Evolutionary trajectory of the three-group game under condition Ⅷ.
The additional benefits brought about by technological innovation to the enterprise refer to the value or benefits created by green technology innovation for the enterprise, including a good reputation and word of mouth. When an enterprise expands its additional income through innovation, its strategic choice in terms of the innovation strategy it selects is affected. When enterprise A chooses to innovate and the additional benefits it attains increase, its stabilization strategy is to switch from carbon purchases to technological innovation (Figures 1, 4). Similarly, when enterprise B obtains additional income through innovation, it also chooses a technological innovation strategy (Figures 1, 5).
5.2.3 Impact of regulatory costs on stabilization strategies
Scenario 6: the price of carbon trading in China is approximately 80 yuan, and when p = 80, assuming that △B = 100, CG = 200, and α = 0.9, V is satisfied. The government chooses strict supervision, enterprise B chooses to buy carbon emission rights, and enterprise A chooses to innovate. The stabilization strategy is (1, 0, 1) (as shown in Figure 6).
[image: Figure 6]FIGURE 6 | Evolutionary trajectory of the three-group game under condition Ⅴ(a).
Regulatory costs significantly impact the choice of stabilization strategy by the government. From the simulation results, it can be seen that when the regulatory cost is low, the government chooses lenient regulation (see Figure 1). However, as the cost of supervision increases, the supervision strategy of the government changes from strict to lenient supervision (see Figure 2). The higher the probability of supervision, such as α = 0.8, the greater the government’s tendency to be strict (see Figure 3).
5.2.4 Impact of innovation incentives on stabilization strategies
Scenario 7: under IV conditions, when WA increases to 1,000 and TA increases to 2,000, assuming that α = 0.5, V is satisfied, and E5 is an ESS. The government chooses strict supervision, enterprise A chooses innovation, and enterprise B chooses to purchase carbon emission rights. The stabilization strategy is (1, 0, 1) (as shown in Figure 7).
[image: Figure 7]FIGURE 7 | Evolutionary trajectory of the three-group game under condition Ⅴ(b).
Scenario 8: under IV conditions, when WB increases to 1,000 and TB increases to 2,000, assuming that α = 0.5, VI is satisfied, and E5 is an ESS. The government chooses strict supervision, enterprise A chooses to purchase carbon emission rights, and enterprise B chooses technological innovation. The stabilization strategy is (0, 1, 1) (as shown in Figure 8).
[image: Figure 8]FIGURE 8 | Evolutionary trajectory of the three-group game under condition Ⅵ.
In this study, innovation incentives include innovation subsidies and fines for instances of pseudo-innovation. Innovation incentives significantly impact stabilization strategies. From the simulation results, it can be seen that when the innovation incentive increases, enterprises tend to choose technological innovation strategies. When the innovation incentive of enterprise A is greater than its innovation investment, its stabilization strategy is to change from carbon purchases to technological innovation (Figures 1, 7). Similarly, when the innovation incentive of enterprise B exceeds its innovation incentives, it also selects a technological innovation strategy (Figures 1, 8). In comparison to large enterprise A, enterprise B has high innovation costs and low innovation benefits. If the government chooses to adopt a one-size-fits-all approach to carbon emissions, it is generally disadvantageous to small companies, which leads them to choose to purchase carbon emission rights in the carbon trading market rather than to carry out technological innovation strategies. However, this strategy is not conducive to low-carbon development and impacts the realization of the “dual carbon” goal.
5.3 Discussion
The simulation results in Figures 1–3 show that with the increase in carbon prices, different types of enterprises gradually choose green technology innovation and that the government’s regulatory cost gradually decreases. When the carbon price is meager, different enterprises cannot obtain benefits or make up for innovation investment through green technology innovation, and thus no enterprises choose technological innovation. At this time, the government must increase its supervision to reduce emissions. When the carbon price rises, large enterprises can benefit from green technology innovation, and thus they increase R&D investment and promote green technology innovation to achieve the goal of emission reduction; at this time, due to the high cost of innovation, small enterprises choose to purchase carbon emission rights to achieve emission reduction requirements. When the carbon price continues to rise to the point where small enterprises can also benefit from green technology innovation or make up for the cost of innovation, all enterprises choose technological innovation to reduce emissions, and the government cannot adopt a loose supervision strategy. Thus, regulatory costs can be saved. In other words, the government can reduce regulatory costs and promote green technology innovation by regulating carbon prices, thereby reducing emissions. The simulation results in Figures 2, 6 also show that under the premise that all other conditions remain unchanged, the government’s regulatory strategy is affected by regulatory costs. If the government’s regulatory costs are too high, then it often chooses a loose regulation, while if its regulatory costs are low, then it chooses a strict regulation.
The simulation results in Figures 1, 4, 5 show that under the premise that all other conditions remain unchanged, the additional benefits brought about by green technology innovation to enterprises also impact enterprises’ strategic choices. If the additional value created by green technology innovation for the enterprise can cover its innovation investment, then it increases its investment in green technology research and development to obtain more economic benefits. At the same time, when any company cannot adopt a green technology innovation strategy, the government must choose strict supervision to supervise the completion of the company’s emission reduction task. Interestingly, the aforementioned analysis shows that the government still needs to play a regulatory role in promoting corporate green technology innovation by adding additional benefits. More importantly, how to best increase the additional benefits created by green technology innovation is also an essential part of the government regulation. The government needs to create an environment that respects innovation and provides a foundation for innovation so that corporate innovation can be recognized and respected by consumers. Consumers can obtain better value from corporate green innovation and thus can use additional benefits to promote the corporate innovation effect.
The simulation results of Figures 1, 7, 8 show that the innovation incentive mechanism has an important impact on the equilibrium strategy choice of enterprises. When the government’s innovation incentives to enterprises can make up for or exceed innovation investment, enterprises choose green technology innovation. However, due to the different innovation costs of enterprises, the government should formulate appropriate innovation incentive mechanisms to meet the needs of different types of enterprises. For example, due to the high cost of green technology innovation and insufficient infrastructure, the government needs to increase innovation compensation for small enterprises. In contrast, for large enterprises, their facilities are complete, and innovation has become a scale benefit, so their innovation cost is relatively small when the government’s subsidy is appropriately reduced. In short, the government’s incentives for the green technology innovation of enterprises should prevent any potential losses caused by a “one-size-fits-all” policy to the interests of particular enterprises. However, due to the profit-seeking nature of enterprises, some choose “short-term greenery” or innovation “standard” to obtain innovation subsidies, which is contrary to the original intention of the government in setting incentive policies. Therefore, the government needs to increase its supervision and punishment to prevent corporate speculation.
With the help of the carbon emission trading market, the government can comprehensively take measures such as regulating carbon prices, conducting innovation incentives, and imposing regulatory penalties to guide enterprises to innovate green technologies, promote green development, and achieve the “dual carbon” goal. In addition, the aforementioned simulation results, from both theoretical and practical perspectives, verify the Porter hypothesis; that is, designing appropriate environmental regulations can promote green technology innovation among enterprises.
6 CONCLUSION
Based on the dual orientation of the carbon emission trading market, this study considers the carbon emission trading behavior of different enterprise types, constructs a three-party evolutionary game model involving enterprise A, the government, and enterprise B, and simulates the data of the carbon emission trading market. Through the visual analysis of the evolution path of each participant, the game stability strategy of each participant in different scenarios is obtained, which provides viable suggestions for enterprise green technology innovation and government supervision. This research reached the following conclusions:
1) With carbon prices, the additional benefits of technological innovation and innovation incentives have a significant impact on corporate strategy choices. When the technological innovation benefits of an enterprise can compensate for its innovation costs, it is considered to have a preference for innovation. The simulation results demonstrate that when other conditions remain constant, a higher carbon price leads to greater additional benefits through innovation and that a higher innovation incentive results in more technological innovation to compensate for the innovation investment of the enterprise, resulting in the enterprise having a tendency to select an innovation strategy.
2) Enterprises with different innovation inputs and outputs choose different strategies under the same conditions. A large enterprise with low innovation costs can find it easier to compensate for its innovation costs through the carbon emission trading market and has a preference for technological innovation. Compared to enterprise A, small enterprise B has high innovation input and low output, with a tendency to purchase carbon emission rights in the carbon market.
3) The penalty cost of supervision and pseudo-innovation helps prevent pseudo-innovation behavior such as the “short-term greenery” of enterprises. However, the cost of the government regulation has an effect on its choice of a regulatory strategy. When the cost of supervision is too high, the government chooses lenient supervision, and when the cost of supervision is low, it chooses stricter supervision. The higher the penalty for pseudo-innovation is, the more companies have a tendency to adopt technological innovation, thereby avoiding the pseudo-innovation behavior. In addition, the simulation results of different scenarios show that the Porter hypothesis is valid both theoretically and reasonably.
Based on the research results, in combination with the development of the carbon emission trading market and the game strategies of the government and enterprises, this study proposes the following suggestions:
1) The government should increase the construction of innovation infrastructure and build a basic platform for enterprise green technology innovation. Moreover, the development of industrial clusters should be improved, the degree of industrial agglomeration should be enhanced, the construction of parks should be accelerated, infrastructure for enterprises to implement innovation should be provided, enterprise costs should be effectively reduced, and the development of green technology innovation should be promoted. For small enterprises, the cost of innovation is relatively high. Based on the innovation basic platform and industrial clusters provided by the government, the innovation cost can be greatly reduced, and the technology spillover effect of industrial clusters can be brought into play, thereby enhancing the innovation power of small enterprises.
2) The price mechanism of the carbon trading market should be improved. The carbon emission rights trading market encourages enterprises mainly to enhance the internal motivation of low-carbon emission reduction through the carbon price adjustment mechanism to achieve emission reduction. In the future, enterprises will be encouraged to choose green technology innovation. On the one hand, in the early stage of the development of the carbon emission rights trading market, the carbon trading price is relatively low. The government can introduce innovative incentive policies such as tax and fee reduction and innovation subsidies to promote the green technology innovation of enterprises and improve the low carbon emission technical emission reduction effect. On the other hand, when the carbon emission trading market is mature, the price of carbon emissions is relatively high, and the government can reduce innovation subsidies to reduce government expenses, which can also promote the green technology innovation of enterprises.
3) The government should fully consider the characteristics of different types of enterprises, implement differentiated innovation incentives, and prevent a “one-size-fits-all” policy from potentially affecting type-B enterprises. Small enterprises tend to invest more in innovation. If the government adopts a “one-size-fits-all” innovation subsidy policy, then it is usually more beneficial to large enterprises with lower innovation costs, which may cause such enterprises to choose technological innovation, while small enterprises may choose the strategy of carbon market purchase, which is not conducive to the low-carbon development of all enterprises. Therefore, the government needs to give more preferential innovation compensation to small enterprises with higher innovation costs.
4) The government should use supervision flexibly, combine dynamic supervision and dynamic punishment, and avoid the situation of the “pseudo-innovation” of enterprises. Profit-seeking companies often choose to speculate to increase their profits. Some enterprises choose superficial innovation or “standard” behaviors to obtain government incentives for green innovation. Pseudo-innovation behaviors such as “short-term greenery” are not conducive to the government’s promotion of low-carbon development. Therefore, the government should strengthen its supervision, increase its punishments, force enterprises to choose green technology innovation, and put an end to the behavior of enterprises “frauding subsidies.”
Although this study aims to analyze the equilibrium strategy choices of the government and enterprises with different innovation costs in the carbon emission trading market, there are still some limitations. First, this study considers only the types of firms with different innovation costs and does not include consumers in the model. In practice, consumers have a certain influence in regulating the “pseudo-innovation” of enterprises and reducing the costs associated with government supervision. Second, although the simulation data for this study are mainly from the carbon trading market, the selection of data, such as those on innovation subsidies and fines, is subject to a certain degree of subjectivity. Because the data on different provinces and cities are different, only representative areas can be selected for this research. Therefore, future work can further optimize these two issues and thus improve upon this study.
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As digital finance ushers into a new era, carbon emissions in China have been peaking, highlighting the necessity of carbon neutrality. This work uses a dynamic spatial Durbin model, combined with a mediating effect model of the data from 30 provinces from 2011 to 2019, to explore the impact, transmission paths, and spatio-temporal heterogeneity of digital finance (Df) on carbon emission intensity (Cg). Meanwhile, the validation explores the mediating role of technological innovation (Rd), industrial restructuring (Is), and entrepreneurial effects (Es) in the process of digital finance influencing green low-carbon development. The empirical results show that: first, digital finance (Df) has a promoting effect on regional CO2 reduction capacity (Cg), and this conclusion still holds under multiple robustness tests; second, digital finance (Df) can promote the regional CO2 reduction capacity (Cg) through two paths, namely, promoting technological progress (Rd) and optimizing industrial structure (Is); third, the impact of inclusive digital finance on CO2 emission intensity is heterogeneous. By analyzing regions with different economic development levels, we found that digital inclusive finance in the eastern region can enhance CO2 reduction capacity, while in the central and western regions, the impact is not significant. Given this situation, China, to achieve carbon neutrality, should boost financial development’s ability to reduce carbon emission, promote technological progress, and optimize the industrial structure, thus forming a green and low-carbon economic cycle. This paper fills the research gap on how digital finance can effectively promote green development while exerting economic effects, and at the same time, enriches the literature on factors influencing green and low-carbon development.
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1 INTRODUCTION
1.1 Research background
Since the reform and opening up, many great achievements have been made in China’s economic development, but China’s economy has been running in a crude growth model. Over time, rapid economic growth has come at the expense of the environment and consumed enormous amounts of energy. China’s economy has suffered from huge environmental costs, and one of the prominent problems is the sharp increase in CO2 emissions. Therefore, energy conservation and emission reduction have become strategic needs for China’s sustainable economic development in the new era. In late 2014, China made its first commitment to peak CO2 emissions around 2030 and to work toward an early peak in the U.S.-China Joint Announcement on Climate Change (House, 2014; Ji et al., 2014). The targets serve not only as a challenge but also as an important opportunity and lever for the green transformation of China’s economy.
Green development, however, can hardly be achieved by end-of-pipe governance alone. Forming a long-term mechanism for the governance of environmental pollution through effective financial instruments remains critical. The relationship between finance and the environment has been studied by the academic community for a long time. For example, some studies pointed out that financial development reduces CO2 emissions by promoting technological innovation and reducing energy consumption per unit of GDP (Li Y. et al., 2021; Gao et al., 2022); however, other voices hold quite the opposite opinion as they found that financial development empowers firms to produce on a larger scale, ultimately increasing CO2 emissions (Zaidi et al., 2019; Acheampong et al., 2020); other studies also showed that financial development leads to more spending on home appliances, which also increase CO2 emissions (Yue et al., 2019).
The booming information technology revolution has seen the integration of traditional finance with information technology. As one of the representations of new finance, digital finance is the key driving force for high-quality economic development. Compared with traditional finance, digital finance has further broken free from the boundaries of time and space, and has wider service coverage and more frequent usage, reducing the related transaction and operation costs. Therefore, it is of great theoretical value and practical significance to further investigate the carbon emission reduction effect of digital finance and explore its inherent mechanism.
1.2 Literature review and marginal contribution
Current scholars have more abundant research on the factors affecting CO2 emissions and environmental pollution, which is mainly reflected in the following characteristics: wide coverage of content, refinement and variation of topics, and many disciplines involved (Isik et al., 2021a; Rehman et al., 2021; Jiang et al., 2022). Meanwhile, the influencing factors of CO2 emissions can be divided into four aspects: population, economy, industry, and energy in total. Existing studies point out that economic development significantly affects carbon emissions (Ma and Cai, 2019; Isik et al., 2021b). Whereas there is no consensus on whether the level of external openness promotes or reduces carbon emissions, fiscal revenue is thought to promote carbon emissions. In terms of population, urbanization is considered to lead to an increase in carbon emissions (Zhang et al., 2017). Energy structure and industrial structure, on the other hand, are very important influences on carbon emissions (Lenzen, 2016; Dong et al., 2020). In particular, with the increasing importance of innovation, the level of technological innovation is also included in the study and is considered to suppress carbon emission intensity (Erdogan, 2021).
Also on the economic side, earlier studies have explored more the impact of traditional financial development on the environment, arguing that financial development can affect environmental quality through technological progress effects, scale effects, capital allocation effects, and structural effects. The main views are the followings: 1) Inhibition theory. Traditional finance inhibits carbon dioxide emissions (Bouyghrissi et al., 2022). Traditional finance reduces CO2 emissions through channels such as changing production factor inputs and economic structure (Murshed et al., 2022), financing environmental protection projects at lower capital costs, increasing investments related to environmental protection, and promoting the development of carbon trading activities and technological innovation. 2) Facilitation theory. Conventional finance is an important factor in increasing CO2 emissions. It promotes economic growth and energy consumption through channels such as increased consumer purchases of bulky goods, corporate investments in new equipment and projects (Sheraz et al., 2021), and financial support to natural resource-intensive polluting industries and polluting industries (Isik et al., 2022), thereby rising CO2 emissions (Qin et al., 2021; Szymczyk et al., 2021). 3) Dynamic relations. Studies have shown an inverted U-shaped relationship between conventional finance and CO2 emissions (Ali et al., 2021; Al-Silefanee et al., 2022). The relationship depends on the trade-off between the two effects, as traditional finance promotes CO2 emissions by increasing the economy volume, but it also reduces CO2 emissions by improving technology (Li J. et al., 2020; Wang et al., 2022).
With the advent of the digital economy, digital finance, which combines digital technology with traditional finance, has gradually become the focus of academic circles (Cao et al., 2021; Cao et al., 2022). Digital finance refers to a new business model that combines the internet and new-generation information technology such as big data, cloud computing, blockchain and artificial intelligence with traditional finance (Risman et al., 2021; Daud et al., 2022). Its marginal innovations to financial theory include digital footprint that provides new information for credit scoring (Agarwal and Zhang, 2020; Benami and Carter, 2021), big data that serve as a new collateral security tool, blockchain that can improve the efficiency of financial contracts, and new ways of investment, financing, and risk management (Rozario and Thomas, 2019; Tian et al., 2020).
Based on the above studies, there are also scholars who believe that digital finance also has an important impact on CO2 emissions or environmental pollution (Ozturk and Ullah, 2022; Wu and Huang, 2022; Yang et al., 2022). On the one hand, it can lower the access barrier to financial services (Ji et al., 2021), provide financial support for commodity production and consumption (Liu G. et al., 2021), and promote economic growth and inclusive growth in China (Liu L. et al., 2021), thus increasing energy consumption and CO2 emissions. On the other hand, digital finance can promote technological innovation (Hasan et al., 2022) and industrial structure transformation and upgrading (Breidbach et al., 2020; Farouq et al., 2021), thus reducing the dependence of economic growth on fossil energy and ultimately reducing CO2 emissions (Faisal et al., 2020; Li Z. et al., 2021). Therefore, digital finance development has both positive and negative effects on CO2 emissions, and whether the overall effect is positive or negative becomes an important issue worth studying.
In summary, the environmental impacts of digital finance has not received sufficient attention compared to economic performance. Studies have focused on the impact of digital finance on mitigating industrial pollution (Puschmann et al., 2020; Borowski, 2021), but there is a lack of research on how digital finance can effectively promote green development while playing an economic role in the context of “double carbon target,” thus promoting the low-carbon development of the whole society. Given these issues, this paper explores the impact, transmission paths, and spatio-temporal heterogeneity of digital finance on green low-carbon development using a dynamic spatial Durbin model combined with a mediating effect model constructed of data from 30 provinces from 2011 to 2019. The internal logic between digital finance and green low-carbon development is analyzed; the mediating role of technological innovation, industrial restructuring, and entrepreneurial effect in the process of digital finance influencing green low-carbon development is explored. The findings will enrich the literature on the influencing factors of green low-carbon development.
The marginal contributions of this paper are: first, the relationship between digital finance and carbon emission reduction capacity is explored by using the China Digital Inclusive Finance Index combined with relevant provincial panel data to verify the promotion effect of digital finance on regional carbon emission reduction capacity. Second, it focuses on the question of through what mechanism digital finance affects carbon emission reduction capacity, and verifies that digital finance can promote the improvement of regional carbon emission reduction capacity through technological innovation and industrial structure transformation. Third, the spatial effect of digital finance on regional carbon emission reduction capacity is further analyzed, with a view to enriching the literature on carbon reduction from digital finance; finally, the policy basis for China’s low-carbon economic development is provided from the perspective of digital finance development.
The remainder of this paper is structured as follows: the second part is the theoretical analysis and research hypothesis; the third part is the description of the empirical model setting and indicator selection; the fourth part is the empirical analysis of the impact effect and transmission mechanism of digital financial development acting on CO2 emissions; the fifth part is the conclusion and implication.
2 THEORETICAL ANALYSIS AND RESEARCH HYPOTHESIS
2.1 The impact of digital finance on carbon emission
In recent years, the focus of environmental pollution literature has shifted to the analysis of the determinants of CO2 emissions. The relatively more important studies adopted time series analysis methods with a particular country as the subject, concluding that economic growth, urbanization, trade openness, and financial development are all important factors influencing CO2 emissions (Tamazian et al., 2009; Shahbaz et al., 2013a; Zhao et al., 2021). Tamazian et al. (2009) examined the effect of financial development on CO2 emissions using data from Brazil, Russia, India, and China from 1992 to 2004, and found that financial development led to a decrease in per capita CO2 emissions, with the development of capital markets and expanding impact of the banking sector. Shahbaz et al. (2013b) collected data from 1971 to 2011 in Malaysia and found that there is a long-run equilibrium relationship between financial development and CO2 emissions through cointegration test, and financial development is conducive to reducing CO2 emissions. Jalil and Feridun (2011) used data from 1953 to 2006 in China and examined by ARDL method the development and carbon dioxide emissions in the long-run equilibrium relationship, and their study showed that financial development is conducive to emissions reduction.
However, digital finance started with its widespread application in the payment field and it extended rapidly to other fields beyond the financial industry. Chinese scholars have also studied the development of digital finance and the low carbon economy. First, the development of digital finance promotes the availability of low-carbon funds. On the one hand, more advanced digital finance facilitates conceptual change in banks, which would strengthen green credit organization management and green credit capacity building. On the other hand, the growth of the capital market and diversified direct financing tools, such as stocks and bonds, can broaden the financing channels for green projects and boost the green and low-carbon economic transformation. Second, consumers would exhibit a greater preference for low-carbon goods with the development of digital finance, with which, green consumer credit products would be on the rise, strengthening consumers’ awareness of environmental protection and increasing the demand for green products, ultimately reducing CO2 emissions for society as a whole. The resulting virtuous circle of digital finance has injected new vitality into low-carbon living and generated significant green economic benefits.
The first hypothesis is put forward here on this basis:
Hypothesis 1. The development of digital finance is conducive to reducing carbon emissions.If digital finance can drive regional emissions reductions, what are the specific pathways through which this driving effect can be generated?
2.2 The mechanism of the effect of digital finance on carbon emission
2.2.1 Technological innovation pathway
Wang and Zhu, (2020) found that one of the essential factors curbing carbon emissions is technological advancement, and the variation in their degrees can result in differences in energy use efficiency. Yang W et al. (2019) attributed the difference in regional carbon emissions in China to varying degrees of technological development and the rationality of regional economic structure. It was also found that R&D input has the greatest impact on carbon emission efficiency among all factors (Jiao et al., 2018; Alam et al., 2019; Churchill et al., 2019), while technology spillover can play a negative role in carbon emission efficiency (Shahzad et al., 2017; Cheng et al., 2018; Zhang and Zhang 2018). They also found that endogenous innovation efforts are the key to improving regional carbon emission efficiency, and therefore China needs to act in this regard (Lin and Zhu, 2019).
At the same time, the development of science and technology innovation activities cannot be carried out without the support of the financial system (Maskus et al., 2012), but the long-term undersupply of traditional financial services has been a stumbling block (Stiglitz and Weiss, 1981). To overcome the restriction imposed by this disadvantage, big data technology and other support are needed, which will help to rectify the problems arising from “attribute mismatch” due to insufficient supply of traditional financial services. Digital finance can support the technological innovation development of science and innovation enterprises in the following ways: first, providing more diverse financing channels and methods such as supply chain finance and consumer finance (Ahmad et al., 2021a); second, ameliorating the external financing environment for enterprises, thus promoting efficient R&D investment, raising industrial total factor productivity at the enterprise level under the synergy of spatial knowledge spillover (Bakhtiari et al., 2020), enhancing energy utilization (He and Lin, 2019; Li et al., 2022), and empowering sustainable regional economic development intrinsically (Hang et al., 2019; Razzaq et al., 2021).
In view of this, this paper proposes Hypothesis 2:
Hypothesis 2. The development of digital finance may have a positive impact on carbon emissions through transmission channels such as technological innovation.
2.2.2 Industrial restructuring pathway
The evolution of industrial structure can reflect changes in the economic growth and development pattern of a country or region, shaping the ecological environment of the country (Ahmad et al., 2021b). The level of regional carbon emissions is intrinsically related to its industrial structure (Zhang et al., 2014; Dong et al., 2020; Zhang et al., 2020). Most existing studies have shown that the share of the secondary sector has a significant and positive effect on carbon emissions and energy consumption at all regional scales, and some empirical analyses have found that the expansion of almost all industries exacerbates carbon emissions, but the intensity of this effect in the tertiary sector is significantly lower than that in the secondary sector (Wang et al., 2019; Wang and Wang, 2021). At this stage, the domestic and international macro-environment facing China’s economic and social development has undergone profound changes, followed by a new round of accelerating trends of domestic industrial transfer. The regional transfer of labor-intensive industries and resource-based processing industries provides new room for strategically emerging industries and modern service industries (Rauf et al., 2018), and the emission reduction effect exerted by the digital financial market will also usher in a new height. Exploring the issue of carbon emission intensity from the perspective of industrial structure is conducive to correctly judging and grasping the industrial factors affecting it, offering insights in guiding industrial development policies to control carbon emissions (Yang et al., 2018).
The industrial upgrading effect of digital finance is reflected in both supply and demand sides: 1) On the supply side: digital finance reduces the external financing cost of enterprises by optimizing the information asymmetry problem within and across industries (Yang and Zhang, 2020). In addition, the user information and consumption-side data obtained by digital finance and mobile payment platforms are used to better analyze user preferences and market demand, identify market gaps timely, and promote the transformation and upgrading of industrial structure. Finally, it enables enterprises to invest more resources in product development and reduce ineffective supply and waste of link resources (Haberly et al., 2019). 2) On the demand side: digital finance, as a new driver to stimulate consumption and boost domestic demand, is conducive to the expansion of China’s consumption scale and the upgrading of consumption patterns. On the one hand, the consumer credit function of digital finance can alleviate the liquidity constraint on residents’ consumption and improve the convenience of converting savings or investment returns into consumption (Lai et al., 2020). On the other hand, digital finance also reduces the difficulty in accessing financial services, especially in rural areas with poor traditional financial services that have led to chronic underconsumption; it enhances the inclusive effect of financial services and fully releases the consumption potential (Li Z. et al., 2020). Ultimately, the expansion and upgrading of consumer demand can force industrial upgrading and accelerate the processes of energy saving and emission reduction in enterprises and markets.
In view of this, this paper proposes Hypothesis 3:
Hypothesis 3. The development of digital finance may affect carbon emissions through transmission channels such as industrial restructuring.
2.2.3 Entrepreneurial effect pathway
As a long-term economic growth “engine”, entrepreneurship is an important vehicle for implementing the innovation-driven development strategy, which can increase social employment rates, encourage engagement in more economically efficient and energy-efficient work, alleviate factor mismatch, and reduce pollution (Boasson and Wettestad, 2014; Rogalev et al., 2018; Liang et al., 2019; Sun et al., 2020). Finance is an important component of the entrepreneurial environment (Luc, 2018), and the extent to which a country’s financial system supports entrepreneurial ventures influences the country’s entrepreneurial activity (Del Giudice et al., 2019; Estrin et al., 2019). It has been widely argued among the academic society that financial development can ease the liquidity constraints on potential entrepreneurs by allocating resources rationally and efficiently, thus promoting entrepreneurial activity (Zaidi et al., 2019; Khan et al., 2020).
The effect on entrepreneurship exerted by digital finance is mainly manifested as follows: 1) Digital finance has shifted financial activities from offline to online, completing the “last mile” of financial services by offering services such as remittances and lending whenever the internet is available, making up for the deficiencies in many places particularly rural areas, thus promoting regional entrepreneurial activities (Philip and Williams, 2019; Jafari-Sadeghi et al., 2021). 2) The cost of risk assessment for micro and small enterprises has been lowered by big data-based digital finance, and a more complete credit rating system can be established by cloud computing technology, lowering the financing threshold for micro and small firms and supporting their development, ultimately lightening the enthusiasm of public entrepreneurship (Hommel and Bican, 2020). 3) Digital finance, as financial infrastructure, provides the foundation for innovation and space for entrepreneurship. Digital finance further facilitates the internet-oriented transformation of offline businesses, such as bike-sharing, online car-hailing, and take-away food delivery, releasing a large number of new business opportunities and providing greater entrepreneurial space. The effect on entrepreneurship exerted by digital finance, while alleviating financial resource mismatch and providing more career options, indirectly raises corporate labor costs, thus forcing companies to innovate technologically, adopt cleaner and more efficient production methods, and reduce environmental pollution (Parrish and Foxon, 2006; Omri and Afi, 2020).
In view of this, this paper proposes Hypothesis 4:
Hypothesis 4. The development of digital finance may affect carbon emissions through transmission channels such as the entrepreneurial effect.
3 RESEARCH DESIGN
3.1 Model setting
3.1.1 Spatial econometric model
3.1.1.1 Spatial econometric regression model selectivity test
According to the needs of the actual research problem, we draw on the research method of Elhorst (2014) to test the applicability of the model, and the test shows that the spatial Durbin model with fixed effects is more appropriate for this paper.
3.1.1.2 Setting of spatial durbin model
Considering the possible time-dependent path-dependent characteristics of carbon emission changes, i.e., time-lagged effects, the possible bi-directional causality between carbon emissions and economic growth, technological progress, and other factors leading to endogeneity problems (Shao et al., 2011), this paper introduces the one-period lag of carbon emission variables into the standard static spatial panel Durbin model and constructs the following dynamic spatial panel Durbin model.
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where Cgit is the explanatory variable (regional carbon emission intensity); Dfit is the key explanatory variable (digital finance index); Rd (technological innovation), Is (industrial structure), and Es (mass entrepreneurship) are the mediating variables, [image: image] is the control variable; β0 is the constant term; β1 represents the regression coefficient of carbon emission lagged by one period Cgi,t-1; ρ is the spatial self-regression coefficients; μi represents individual fixed effects; ηt represents time fixed effects; εit is the residual term; [image: image] is the element of the spatial weight matrix used to describe the spatial proximity between regions; and the most commonly used binary spatial weight matrix is used in this paper, i.e., [image: image] = 1 when two regions are geographically contiguous and [image: image] = 0 when they are not.
3.1.1.3 Selection of the spatial weight matrix
Based on the consideration of the fit and operability of the research problem, this paper will refer to Shao et al. (2011) and use the geographic distance matrix to describe the spatial panel model, which is calculated as follows:
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[image: image] is the geographical Euclidean distance between two provincial capitals in region [image: image] and region [image: image].
3.1.2 Intermediary effect model
To test whether these three factors act as mediating variables, this paper uses a canonical mediating effects model and conducts further empirical investigation based on a spatial econometric model. A more widely adopted method to test for mediating effects is the stepwise method proposed by Baron and Kenny (1986). The specific mediating effect model is set as follows.
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According to hypotheses H2∼H4, this paper considers carbon emission intensity (Cgit) as the explanatory variable, technological innovation, (Rdit) industrial structure (Isit), and mass entrepreneurship (Esit) as the mediating variables to be tested M, and digital finance (Dfit) as the explanatory variable. The time-lagged and spatial-lagged terms of carbon emission intensity, technological innovation (Rdit), industrial structure (Isit), mass entrepreneurship (Esit), digital finance (Dfit), and other control variables are used as control variables in the mediating variable model.
3.2 Variable specification
3.2.1 Explained variable: Carbon emission intensity
Carbon emissions intensity (Cg): carbon emissions based on energy consumption are used to characterize the carbon emissions, and its measurement method is borrowed from the carbon emissions formula for energy consumption in IPCC, and the formula for carbon emissions is shown below:
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Where, Cgijt denotes the carbon emission of [image: image] th province, [image: image] denotes the physical quantity of the [image: image] th energy consumed in [image: image] th province in year [image: image]. ηj, θj, γj denote the average low-level heat generation (KJ/kgm3), CO2 emission factor (kgCO2/TJ) and carbon oxidation factor of the jth energy, respectively, and 44/12 denotes the CO2 gasification factor. To eliminate the effect of heteroskedasticity, they are treated as logarithmic (lnCg).
3.2.2 Core explanatory variable: Digital finance development
Digital Finance Development Index (Df): this paper uses the 2011–2019 Peking University Digital Inclusive Finance Index (Phase I and Phase II) at the provincial level compiled by the Digital Finance Research Center of Peking University to represent the level of digital finance development in each region.
3.2.3 Mediating variable
In this paper, the technological innovation (Rd) is measured using the logarithm of the number of patented technology applications by region. The value added of the tertiary sector, as a share of GDP, is used to represent the industrial upgrading effect (Is). The mass entrepreneurship (Es) is measured using the ratio of the number of private and individual employees to the number of employees in urban areas.
3.2.4 Control variable
With reference to existing research on factors influencing carbon emissions, the following indicators are selected as control variables to be included in the model in this paper: 1) Level of economic development (lnGdp): measured by the natural logarithm of regional gross domestic product per capita. 2) Level of opening up to the outside world (Open): measured by the share of foreign direct investment (FDI) in GDP. The U.S. dollar is converted according to the mid-price of the annual RMB exchange rate in the processing (Zhang and Zhang, 2018). 3) Urbanization level (City): measured by the share of the urban population in the total population (Liddle, 2014). 4) Informatization level (lnIntel): The logarithm of the number of regional Internet domain names is used to measure this index. 5) Human capital level (lnH_c): measured by the number of students enrolled in higher education per 10,000 people (Marvel and Lumpkin, 2007). 6) Government intervention (lnGov): measured by the logarithm of regional government spending on energy conservation and environmental protection. 7) Energy consumption (lnE_c): Measured by per capita coal consumption, which directly determines the size of carbon emission intensity of energy consumption (i.e., carbon emission per unit of energy consumption) (Akhmat et al., 2014). Table 1 describes the main variables in this article.
TABLE 1 | Summary statistics of main variables.
[image: Table 1]3.3 Data source
Given the availability of digital financial inclusion data, this paper selects panel data collected from 30 provinces in China from 2011 to 2019. Among them, the data on carbon emission intensity are obtained from China Energy Statistical Yearbook, the data on proxy variables of digital financial development index are obtained from Peking University Digital Financial Inclusion Index (2011–2019) by Peking University Digital Finance Research Center, and the data on intermediary variables as well as control variables are obtained from China Statistical Yearbook. To eliminate the effect of price fluctuations, economic variables were deflated using 2011 as the base period. To eliminate the effect of heteroskedasticity, the variables with non-ratio values are treated as logarithmic.
4 RESULTS AND DISCUSSION
4.1 Discussion of the spatial autocorrelation test
Before the empirical analysis, Moran’s I index is first used to measure the spatial correlation between the level of digital finance as well as the intensity of carbon emissions. Its calculation formula is as follows.
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where, [image: image], [image: image]; Yi is substituted to denote the digital financial level and carbon emission intensity of the [image: image] th region, respectively, [image: image] is the total number of regions, and Wij is the adjacency matrix.
Table 2 shows the Moran’s I indices of digital finance level and carbon emission intensity for 30 provinces in China from 2011 to 2019. As can be seen from the Table 2, the Moran’s I indices of regional digital finance levels are all around 0.4 and all pass the 1% significance level test. The Moran’s I indices of regional carbon emission intensity are all located around 0.2, and all of them also pass the 1% significance level test. This result indicates that there is a significant positive spatial correlation of carbon emissions in 30 provinces in China from 2011 to 2019, so the carbon emission intensity based on spatiality analysis is reasonable, and also lays a solid foundation for the following empirical analysis.
TABLE 2 | Main variables Moran’s I index.
[image: Table 2]4.2 Discussion of the benchmark regression results
As shown in Table 3, the estimated coefficients of digital finance are not significant in columns (1) and 2) without considering endogeneity and spatial correlation issues, which means that not considering both endogeneity and spatial correlation may lead to biased estimation results. The estimation results of columns (3) and (4), which consider both endogeneity and spatial correlation, exhibited better statistical characteristics. Further, compared with column (3), the coefficient of the time-lagged term of carbon emission intensity in column (4) is significantly positive at the 1% level, verifying that the change in carbon emission intensity has a time-dependent path characteristic, as described in the previous section. Undoubtedly, compared with the rest of the models, column (4) has the most excellent theoretical expectations and econometric technical performance as it considers both the endogeneity problem, spatial correlation, and the results of time lagged effects of the explanatory variables. Therefore, we focus on the estimation results of column (4) in the following discussion.
TABLE 3 | Benchmark regression test.
[image: Table 3]The results obtained from column (4) show that carbon emission intensity has both a significant time lag effect and a spatial spillover effect. On the one hand, carbon emission intensity has a strong path-dependent characteristic in the time dimension, which is also called the “snowball” effect. High emission intensity in the previous period may indicate high emission in the next one. On the other hand, the coefficient of the spatial lag of carbon emission intensity is significantly positive at the 1% level, indicating that there is an obvious strategic competition effect among provinces and regions in terms of carbon emission intensity.
Meanwhile, the coefficient corresponding to the key variable of this paper, i.e., digital finance index, is significantly negative (the higher the level of digital finance development, the lower the carbon emission intensity), indicating that digital finance development helps reduce carbon emission intensity. 1) Firstly, the convenience of mobile payment brought by digital finance has led to the reduction of cash use, and various online cell phone APPs provide financial services to meet users’ needs, reducing the frequency of visits to bank counters. The increase in financial efficiency significantly reduces the original transaction costs and possible resource consumption (Bachas et al., 2018). 2) Secondly, the development of digital finance expands the channels for public participation in environmental protection, promotes resource recycling, and improves the utilization rate to avoid the waste of resources caused by repeated production (Ting et al., 2019); meanwhile, it closely integrates the public’s daily life with the environmental protection cause, thus establishing the relevant awareness in public. 3) Finally, compared with the traditional financial system that controls carbon emissions by technological innovation driven by bank lending, digital finance builds a carbon financial market and uses inter-regional carbon emissions trading to achieve this goal (Shahbaz et al., 2013a). The development indicators of digital finance show a negative impact on the intensity of CO2 emissions in this research, enriching existing literature. However, the estimated coefficient of its spatial lag term “W∗Df” is not significant under the adjacency matrix. Although it indicates that the development of digital finance in this province has a significant contribution to carbon emission reduction in this province, it has no significant spatial spillover effect on carbon emission reduction in neighboring provinces.
In terms of control variables: 1) The coefficient corresponding to the level of external openness is negative and passes the significance test at a level of 5%, which indicates that the higher the level of openness, the lower the CO2 intensity. The possible reason for this is that the level of openness has a dampening effect on CO2 emissions through the introduction of new technologies. 2) Urbanization corresponds to a negative coefficient and passes the significance test at the 10% level, which means that accelerated urbanization may contribute to lower CO2 emissions in a society. This may be due to the fact that urbanization accelerates the modernization process, and that the economies of scale effects of urbanization and the division of labor have led to an increase in the factor agglomeration effect, which upgrades technology and production organization patterns, reducing the CO2 intensity. 3) The coefficient corresponding to government intervention is negative and passes the significance test at the 10% level. The improvement of carbon emission performance is closely related to governments’ role in setting the price of energies, natural resources, and other factors. 4) The coefficient of energy consumption is positive and significant at the 1% level, which again verifies that the current energy consumption structure with an abnormally high proportion of coal in China is an important factor hindering the reduction of carbon emission intensity.
4.3 Discussion of the heterogeneity results
The above section empirically examines the overall effect of digital finance on regional carbon emission intensity. The next section analyze China by dividing it into three regions, i.e., East, Central and West, based on the level of economic development, and then explore the impact of digital finance development on carbon emissions in different regions. The results of column (1) in Table 4 show that the regression coefficient of digital finance in the east is significantly negative at 1%, indicating that digital finance can significantly reduce carbon emissions in the eastern region. However, the regression coefficients of digital finance are not significant in both columns (2) and (3), indicating that although the development of digital finance in China as a whole has contributed to CO2 reduction in certain regions, the degree varies across regions. That is, the positive impact of digital finance on regional carbon emission reduction is stronger in the eastern region, and the reason for this variability may be its earlier development of digital finance brought relatively higher level of development and more comprehensive implementation of the innovation-driven development strategy. Therefore, it is more conducive to eliminating the mismatch of production factors and pollution emission reduction, thus allowing the dividends played by digital finance to be fully released.
TABLE 4 | Estimation results of the effect of digital finance on carbon emissions in regions with different development situations.
[image: Table 4]4.4 Discussion of the robustness results
First, the explanatory variables are replaced. In this step, the logarithm of regional per capita carbon emissions (lnCg_p) is used to remeasure the regional carbon emission intensity, with static spatial Durbin as well as dynamic spatial Durbin regressions being conducted on it. The results are shown in the first and second columns of Table 5, according to which, the data of each variable changed slightly, but most of the positive and negative signs and significance did not change much, verifying the robustness of our results. Second, the sample time years are adjusted. The original sample time range of 2011–2019 was shortened to 2014–2019, for which static spatial Durbin and dynamic spatial Durbin regressions are conducted. The results are shown in the third and fourth columns of Table 5, and like columns 1 and 2, the data changed slightly, but the signs and significance did not change much, also proving the robustness of the results of this paper.
TABLE 5 | Robustness check.
[image: Table 5]4.5 Discussion of the intermediary effect results
The above empirical results show that digital finance helps suppress regional CO2 emissions, but this work focuses on how this impact works. Therefore, we gave column (1) in Table 6, which is the baseline model without any mediating variables, and columns (2)∼(7), which are the six spatial dynamic Durbin models constructed by testing the mediating variables. Then the mediating effects played by technological innovation, industrial structure optimization, and mass entrepreneurship are explored.
TABLE 6 | Mediating effect test.
[image: Table 6]4.5.1 The mediating variable technological innovation
1) It is clear from baseline column (1) that local digital financial development has a negative and significant effect on regional carbon emission intensity. 2) Column (2) shows a significant positive effect of local digital financial development on technological innovation, indicating that the improvement of digital financial level helps promote technological progress. 3) After adding technological innovation into column (1), column (3) is obtained, and it can be found that the absolute value of the regression coefficient of digital finance in this region decreases from 0.0059 in column (1) to 0.0026 in column (3), and the coefficient remains significant. Then it is known from the criterion of mediating effect that technological innovation plays a partial mediating effect in the promotion of digital finance on regional carbon emission intensity, which is consistent with hypothesis 2. The increase in technological innovation and R&D expenditure in China has a suppressive effect on CO2 emissions. A higher level of financial development can contribute to corporate R&D financing, with which, CO2 emissions can be reduced by boosted innovation (Quan et al., 2020).
In summary, digital financial development indirectly curbs carbon dioxide emissions by promoting technological progress. The specific working mechanism is as follows: First, technological progress improves the energy consumption structure by developing new energy sources and finding alternative clean sources to replace traditional fossil energy sources. Second, technological advances help to improve energy efficiency by consuming less energy for the same level of output. In addition, digital finance provides a larger room for technological innovation. The business ecosystem in the digital economy era created by Alipay, WeChat, and other payment platforms has penetrated into every aspect of life, giving rise to a variety of new business models such as shared travel and crowdfunding, further controlling the intensity of carbon emissions.
4.5.2 The mediating variable industrial structure optimization
1) The benchmark column (1) clearly shows that local digital finance development has a negative and significant effect on regional carbon emission intensity; 2) Column (4) shows that there is a significant positive effect of local digital finance development on industrial structure, i.e., the improvement of digital finance level helps to promote the development of the tertiary industry; and 3) Column (5)adds industrial structure optimization to column (1), and it can be found that the absolute value of the regression coefficient of digital finance in the region decreases from 0.0059 in column (1) to 0.0039 in column (5), and the coefficient remains significant. Then it is clear from the criterion of mediating effect that the industrial structure plays a partially mediating effect in the promotion of regional carbon emission intensity by digital finance, indicating that the increase in the proportion of GDP added value in the service sector reduces the CO2 intensity. The possible reason is that the process of service sector development implies that technological progress and factor reallocation elevates production efficiency, which is consistent with hypothesis 3.
In short, more advanced digital finance will promote industrial restructuring, thus suppressing CO2 emissions. With the continuous improvement of the financial system, financial services can effectively alleviate or even address information asymmetry, and lower transaction costs, ultimately stimulating capital accumulation and promoting the optimization of industrial structure and economic development (Chava et al., 2013). Second, there is a long-term equilibrium relationship between financial operation efficiency and industrial structure upgrading; by lowering the access threshold of financial services and promoting the free development of the capital market, we can effectively promote the transformation of industrial structure, improve the efficiency of economic operation and growth vitality (Kahia et al., 2016), and finally achieve pollution emission reduction.
4.5.3 The mediating variable mass entrepreneurship
1) The baseline column (1) shows that local digital financial development has a negative and significant effect on regional carbon emission intensity. 2) Column (6) indicates a positive effect of local digital financial development on mass entrepreneurship, but the impact is not significant. 3) Column (7) adds mass entrepreneurship based on column (1), and according to it, the coefficient corresponding to mass entrepreneurship is negative, but still not significant. From the criterion of mediating effect, it can be seen that mass entrepreneurship has no mediating effect on the promotion of regional carbon emission intensity by digital finance; therefore, it has no positive effect on carbon emission intensity. The “green bias” held by informal workers will be beneficial to energy saving and emission reduction; however, if the production behavior is oriented to increase productivity, the impact will be detrimental as it leads to the expansion of the production scale.
5 CONCLUSIONS AND POLICY IMPLICATIONS
This paper first theoretically analyzes the mechanism of the role of digital inclusive finance in influencing carbon emission intensity; secondly, it uses panel data of 30 provinces across China from 2011 to 2019 to test the relationship between digital finance and green low-carbon development by constructing a spatial econometric model. The empirical analysis showed that the impact of digital finance on green low-carbon development is mediated by factors such as technological innovation and industrial restructuring. The conclusions are: first, digital finance has a promoting effect on regional CO2 reduction capacity, and this conclusion still holds under multiple robustness tests. Second, digital finance can promote regional CO2 reduction capacity through two paths: promoting technological progress and optimizing industrial structure. Third, the impact of digital inclusive finance on CO2 emission intensity is heterogeneous. Seeing from regional economic development levels, the development of digital inclusive finance in the eastern region can enhance CO2 reduction capacity. In contrast, in the central and western regions, the impact of digital inclusive finance on carbon emission reduction is not significant.
Based on the above empirical findings, this paper puts forward the following three suggestions to promote green and low-carbon development: First, strengthen the exchange and cooperation of carbon emission reduction among regions. Efforts as such are interlinked among regions, so it is necessary to establish a sound exchange and cooperation mechanism to strengthen project exchange and cooperation, and to accelerate the cooperation in environmental governance and industrial docking, so as to enhance the systemic and linkage of energy conservation and emission reduction. Second, continue to develop digital finance. First, improve the regulatory system of the digital finance industry. Regulators should set entry thresholds for financial enterprises, while establishing a reliable risk disclosure mechanism to make the operation of financial enterprises transparent. Secondly, relevant departments should pay attention to the innovative and entrepreneurial incentive functions of digital finance and work on its promotion, so as to enhance the entrepreneurship level and boost enterprise research and innovation activities. Finally, the advantages of traditional finance in supporting infrastructure should be given full play to achieve complementary advantages and improve the efficiency of financial services (Gossling et al., 2013). Third, financial policies should be tailored to local conditions. For the eastern region, relevant enterprises should innovate in technologies, products and services in digital finance to meet the diversified needs of consumers, which will drive force the development of digital finance. For the central and western regions, relevant departments should improve the financial infrastructure, promote financial knowledge in laggard regions, and improve their acceptance and recognition of digital finance.
It should also be noted that this paper’s theoretical model and empirical study have certain shortcomings. First, some of the settings in the theoretical model are overpowered to reflect the real economy and to comply with the technical conditions of the endogenous growth model. Therefore, future scholars will try to relax the assumptions to verify the universality of the conclusions. Second, due to the limitation of data availability, the research interval of this paper only covers 9 years, so the time series of data can be added in future research to enhance the effectiveness of the results. Third, the macro-level data at the provincial level do not reflect the micro-decision making behavior, and a more micro-level data analysis, such as industry or firm data, may be better.
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To accomplish the goals of carbon mitigation, industrial green transformation is an inevitable requirement for achieving high-quality economic development. Based on the data of 30 provinces in China from 2007 to 2017, this paper uses projection pursuit model and entropy method to calculate the industrial green transformation and Chinese fiscal decentralization. It further employs static and dynamic spatial Durbin model to explore the impact of Chinese fiscal decentralization on industrial green transformation by the environmental fiscal policy. The study finds that: 1) China’s industrial green transformation presents an unbalanced state with high in the east and low in the west, which has a positive spatial spillover among provinces. 2) Fiscal decentralization is significantly conducive to the industrial green transformation, while the spatial spillover of fiscal decentralization is negative. Moreover, fiscal decentralization affects the industrial green transformation by environmental fiscal policy, in of which environmental fiscal expenditure is the main path. 3) From the perspective of heterogeneity of fiscal decentralization, the impact of fiscal expenditure decentralization in promoting industrial green transformation is significantly greater than that of fiscal revenue decentralization. In terms of heterogeneity of regional location, fiscal decentralization in the eastern and central regions plays a role in accelerating industrial green transformation, while it has an obstacle impact in the western region. In terms of market-based heterogeneity, Fiscal decentralization in high-market areas facilitates the green transformation of industry, while in low-market areas is the opposite.
Keywords: Chinese fiscal decentralization, industrial green transformation, environmental fiscal policy, heterogeneity analysis, static and dynamic spatial Durbin model
1 INTRODUCTION
In recent years, global warming and climate change have gradually threatened the safety of human survival. Rising temperatures are leading to a rapid depletion of freshwater supplies (Bhardwaj A. et al., 2022). At the same time, the frequent occurrence of hot weather leads to shortages of food crops (Bhardwaj M. et al., 2022). The main reason for global warming is the increasing carbon dioxide emission. Referring to a report published by the IEA (2011), more than 60% of greenhouse gas levels are due to carbon dioxide (Dagar et al., 2022). To combat the effects of climate change, leaders of more than 170 countries signed the Paris Agreement, committing to limit global temperature in 2016. China is the country with the highest carbon emission and largest energy consumption in the world. Therefore, China expressed its determination to reduce carbon emissions at the 75th United Nations General Assembly, striving to achieve the goal of peaking carbon dioxide emissions by 2030 and carbon neutrality by 2060. This target is also in line with the expectations of the Sustainable Development Goals. China’s industrial GDP dominates economic development with an average annual growth rate of 11.5%. However, at the same time, 40.1% of industrial GDP consumes 67.9% of China’s energy and emits 83.1% of China’s CO2 (Wang and Shao, 2019; Cai et al., 2019). The industrial carbon dioxide emissions of 30 provinces in China from 2007 to 2017 shown in Figure 1. In order to achieve the important goal of sustainable development, the industrial green transformation is an inevitable choice to achieve high-quality economic development in China (Li et al., 2011).
[image: Figure 1]FIGURE 1 | Industrial carbon dioxide emissions in China from 2007 to 2017.
The industry sector has the fastest growth, the greatest reforming effort and the highest opening scale in China for a long time. Accelerating industrialization has great contributions on China’s sustainable economic growth. However, China’s economic growth and industrialization development mainly rely on the resource-based growth route, which is characterized by “high input, high consumption, high pollution, low quality, low efficiency, low output, pollution first and treatment later.” China extensive economic development model stems from the government behavior under the Chinese fiscal decentralization (Cai et al., 2008). China has established a system of fiscal decentralization since the implementation of the tax sharing reform in 1994. This system has greatly motivated local governments in China (Tian and Wang, 2018). Compared to other countries such as the United States, the European Union, India and Russia, China has implemented fiscal decentralization in a different political environment, where the typical vertical management system at all levels of government means that local government officials are primarily accountable to their superiors, resulting in the so-called Chinese style of fiscal decentralization (Yan, 2012; Fu, 2010). Fiscal decentralization gives local governments a priority on fiscal expenditure and resource allocation. To attract external investment and expand employment, local governments will compete to lower environmental standards, resulting in the decline of environmental quality (Zhang et al., 2011). However, with the intensity of environmental problems in recent years, the central government continuously polish the institute for evaluating and assessing the officials’ performance. Due pollution control will directly affect the promotion of Chinese officials, local governments may increase the supervision on local enterprises’ pollution discharge behavior and constantly encourage enterprises to reduce the pollution.
Industrial green transformation derives from green economy. The term “green economy” comes from the book “green economy blueprint” published by Pearce, a British environmental economist, in 1989 (Pearce et al., 1989). Subsequently, some studies defined “green economy” as “a resource-saving and low-carbon economic development mode, which should be conducive to the protection and improvement of natural resources, promoting sustainable consumption and production” (Morgera and Savaresi, 2013). So far, there is no unified definition of green economy, and most of the relevant definitions emphasize “jointly improving economic and environmental benefits, achieving sustainable growth through economic behaviors that are beneficial to the environment or that are not antagonistic to the environment” (Sustainable Development Strategy Study Group Chinese Academy of Sciences, 2010). The structural changes and transformation of economies (Shahzad et al., 2022), the sustainable use of material resources (Xie et al., 2022), the development of renewable energy sources and the constraints of non-renewable resources (Islam et al., 2022), and the use of wastewater treatment (Bhardwaj A. et al., 2022)will all have a significant positive impact on sustainable growth. Research group of institute of industrial economics CASS (Research group of institute of industrial economics CASS, 2011) defined the industrial green transformation as taking the intensive resources utilization and environmental friendliness as the guidance, green innovation as the core, following on the new road of industrialization, realizing the green and sustainable development in the whole process of industrial production, and achieving a win-win of economic and environmental benefits. Wang and Zhang (2019) regarded green transformation as the transformation of development mode to sustainable development led by the ecological civilization construction. It relied on circular economy, green management, resource conservation, environmental friendliness, ecological balance and harmonious development between human, nature and society. The theory of fiscal decentralization arose from the classic article “the pure theory of local expenditures” published by Tiebout in the Journal of political economy in 1956 (Tiebout, 1956). This article extended the research from local government expenditure to fiscal decentralization theory deeply. Colm and Musgrave (1960) and Oates (1972) developed the relevant theories from the perspective of local expansion effect of fiscal policy and fiscal decentralization under the federal system. The industrial green transformation has the dual attributes of a market economy and an environmental public good. The multiple attributes make the impact of fiscal decentralization on industrial green transformation uncertain. Large numbers of studies have argued that fiscal decentralization has a negative impact on industrial green innovation with both economic and environmental attributes (You and Ouyang, 2020; Dong et al., 2022). It is argued that under the “GDP tournament” assessment approach, local governments focus more on pursuing high economic growth and prefer to invest in projects with quick results in the short term at the expense of environmental protection (Zhang, 2016; Wu, 2017; Hou et al., 2018a). However, after the Chinese government proposed and improved the “green GDP” performance assessment, local governments are not obsessed with chasing economic growth and may invest more in the area of environmental protection (Kuai et al., 2019). This may make a positive change in the impact of fiscal decentralization on industrial green transformation, and therefore, the impact of fiscal decentralization on industrial green transformation needs to be further explored.
First, Industrial green transformation has a rich connotation, and it is difficult to accurately measure the nature of industrial green transformation by a single indicator, so it needs to be measured by multidimensional indicators. Studies have been conducted on the measurement of industrial green transformation mainly using the green total factor productivity method (Hou et al., 2018b; Chen and Golley, 2014), the elastic decoupling method (Tapio, 2002) and the comprehensive indicator method (Chen et al., 2016; Deng and Yang, 2019). Comparatively speaking, the composite indicator method can measure the connotation of indicators more comprehensively. And will continue to evolve with the development, the connotation and requirements of industrial green transformation are also enriched, we should continue to enrich the corresponding indicators. Second, the existing studies currently adopt single indicator of expenditure or revenue (Davoodi and Zou, 1998; Lin and Liu, 2000; Jin and Zou, 2005). In fact, fiscal decentralization is a comprehensive system includes both fiscal expenditure decentralization and fiscal revenue decentralization (Kuai et al., 2019). We should measure fiscal decentralization from the multidimensional perspective. Third, most scholars analyze the industrial green transformation from the aspects of environmental regulation and technology innovation. Magat and Viscusi (1990) took the pulp and paper products industry in Quebec, Canada as the research object, and used the least square method to demonstrate that environmental regulation can promote enterprises to reduce emissions by 20%. Telle and Larsson (2007) used enterprise panel data to identify that there is a significant positive correlation between the environmental regulation and green total factor productivity. Peng and Li (2016) employed the dynamic panel model and found out the nonlinear impact of various environmental regulations on China’s industrial green transformation. Yue et al. (2017) studied the effects of independent innovation, technology import and government support on the industrial green transformation. Shen et al. (2018) explored the influence of different environmental regulation modes on industrial environmental efficiency. Fahad et al. (2022) argue that environmental regulation and industrial policy are effective in promoting technology spillovers, which have a greater impact on industrial structure. But there is a lack of exploration of fiscal policy on the green transformation of industry. Environmental fiscal policy has the dual attributes of environmental policy and fiscal policy. The way in which it operates under a system of fiscal decentralization merits further discussion.
Based on this, this paper aims to answer three questions: 1) Given Chinese-style fiscal decentralization system, how does fiscal decentralization affect the industrial green transformation 2) How is the moderating impact of environmental fiscal policy on industrial green transformation. 3) Whether there is heterogeneity impact in different environment fiscal policy and. The resolution of these questions can help provide reference for similar economies to formulate a reasonable fiscal decentralization and fiscal policy in the context of economic transformation, it has a great practical significance for achieving sustainable development. Therefore, based on the definition of industrial green transformation and fiscal decentralization, this paper proposes to adopt the projection tracing method and entropy method to measure the industrial green transformation and fiscal decentralization, respectively. Meanwhile, we use the static and dynamic spatial Durbin model to comprehensively analyze the influence mechanism and spatial effect of fiscal decentralization on industrial green transformation from the perspective of environmental fiscal policy. It also further explores the analysis of the heterogeneity of fiscal decentralization on industrial green transformation from multiple perspectives, providing a novel way of thinking for us to analyze the above issues.
Compared with the established literature, the main contributions of this paper are as follows: Firstly, scientific industrial green transformation evaluation index system and measurement method are essential to identify the weak links in industrial transformation. Based on the definition, a complete set of industrial green transformation index is constructed. The system is based on a green growth strategy framework. It covers seven aspects, including pollution emissions, pollution control, resource intensity, green innovation, structural optimization, production and operation, and sustainable development. The weights are determined by the projection tracing method and the evaluation results are more robust. This provides a valuable reference for the industrial green development index system. Secondly, Different from the single fiscal decentralization indicator in most studies, this paper calculates the fiscal decentralization index from the dual dimension of fiscal revenue and expenditure decentralization. We consider information on on-budget and off-budget revenues and expenditures and central transfers and eliminate the confounding of population and economic size factors. Thirdly, based on the perspective of environmental fiscal policy, the influence mechanism of fiscal decentralization on Industrial green transformation is explored. it is argued that environmental fiscal policy is an important way for fiscal decentralization to influence industrial green transformation. Fourth, based on heterogeneity, we further explore the differences in the impact of fiscal decentralization on the green transformation of industry from multiple perspectives, it provides insight into the contribution of different fiscal decentralization and different regions to transformation.
The paper is arranged as follows. Section 2 presents the research hypotheses. Section 3 explains the models, data and econometric methods used in this paper. Section 4 presents the results of the empirical study. Section 5 presents a discussion between our main results with previous studies. Section 6 concludes the study as well as gives some policy recommendations.
2 RESEARCH HYPOTHESIS
2.1 Impact mechanism of fiscal decentralization on industrial green transformation
As an important institutional arrangement, fiscal decentralization is the key to adjust the financial power between the central government and local governments and further divide the responsibility of fiscal expenditure. Compared with the central government, local governments have more information advantages and better understands the preferences and needs of residents in their jurisdiction (Tiebout, 1956). With the continuous strengthening of the green-performance assessment system, fiscal decentralization encourages local governments to focus on their information advantages and abolish policies serving for local development. Kuai et al. (2019) believed that fiscal decentralization is expected to give local governments greater financial resources and power (Cheng et al., 2020), so that local governments have more rights to deal with environmental problems. In terms of resource intensity, fiscal decentralization accelerates renewable energy consumption and reduces the use of non-renewable energy (Su et al., 2021; Zhang et al., 2022). Renewable energy is considered to be one of the most important ways to protect the environment. The decentralization has led to greater autonomy for local authorities. Local governments will increase subsidies for renewable energy in order to mitigate environmental problems, reducing the cost of sustainable energy use and thus contributing to an increase in the share of renewable energy consumption in energy consumption. In a word, fiscal decentralization gives full play to the local information dominance and reduce the cost of enterprises, which inspires enterprises to perform green innovation and realize the industrial green transformation. We made the following hypotheses:
Hypothesis 1. Fiscal decentralization benefits industrial green transformation.
2.2 Moderating mechanism of environmental fiscal policy
On basis of fiscal decentralization, local governments often control regional pollution by environmental regulations. Environmental fiscal policy is a finance policy tool to advocate ecological protection and environment governance, mainly including environmental fiscal expenditure and environmental tax revenue. Environmental fiscal expenditure has the dual attributes of social investment and environmental regulation. It has the induced effect of general fiscal expenditure, which leads to more social capital and then affects the regional industrial structure, playing a regulatory role in pollution reduction (Jiang, 2018). It is also an input-oriented environmental regulation means, which encourages enterprises to implement green innovation. Environmental tax revenue internalizes the environmental cost (Pigou, 1932). By using the means of price, it adjusts the production cost and product price flexibly. Meanwhile, it effectively motivates the enterprises’ initiative to reach the optimal solution of pollution reduction, which promotes their green transformation (Bovenberg and Goulder, 1997).
With the improvement of fiscal decentralization, the division of fiscal expenditure responsibilities is clearer, which is conducive to bringing into full play to the advantages of fiscal decentralization and reaching the optimal allocation of financial resources. At the same time, make sure to continuously implement the green strategy, local governments increase financial investment in environmental expenditure, reduce industrial environmental protection cost, encourage local industrial enterprises to develop green technology, and push the green transformation of the overall industry. However, from the actual situation of China’s environmental tax, the special environmental tax settings sector is lacking. Scattered and small sewage charges provide local governments with limited financial support to perform the function of environmental pollution control. Thus, the following hypothesis is made:
Hypothesis 2. Fiscal decentralization has a positive impact on industrial green transformation through environmental fiscal policy. Moreover, Under the Chinese fiscal decentralization system, local governments are more inclined to adopt environmental fiscal expenditure policy to speed the industrial green transformation.
2.3 Spatial mechanism of fiscal decentralization on industrial green transformation by environmental fiscal policy
To get the goal of short-term economic growth, there is differentiated strategy interaction in fiscal decentralization among regions. When the local fiscal decentralization increases, local industrial green transformation improves. Then, there is a spillover to the industrial green technology and industry of neighbor regions. Neighbor regions choose a substitution strategy. They do not increase the expenditures of environmental protection to obtain revenues. This type of “free riding” behavior can easily lead to bottom-by-bottom competition, which is detrimental to the industrial green transformation of neighbor regions. Moreover, the regional environmental fiscal policy is not only affected by local factors, but also by that of neighbor regions. Some scholars believe that increasing environmental fiscal expenditure in a region will often lead to imitation by neighbor regions (Allers and Elhorst, 2005). By contrary, the environmental taxes are relatively scattered. It is difficult to generate fiscal revenue. The neighbor regions’ governments are more motivated to take “competition to the end” measures, such as tax incentives and reducing environmental thresholds, to make concessions for economic growth (He et al., 2016). Thus, the following hypothesis is made:
Hypothesis 3. The spatial spillover effect of fiscal decentralization on industrial green transformation is negative. Moreover, the spatial spillover of environmental fiscal expenditure and environmental tax revenues may be heterogeneous.In summary, the theoretical model of hypotheses constructed in this paper is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The theoretical model of hypotheses.
3 RESEARCH DESIGN
3.1 Data sources
This paper takes the data of 30 provinces in China (excluding Hong Kong, Macao, Taiwan and Tibet) from 2007 to 2017 as samples. The data of industrial green transformation and other model’s control variables are mainly from the China Statistical Yearbook, China Environmental Statistical Yearbook, China Energy Statistical yearbook, China Industrial Economic Statistical Yearbook, China Science and Technology Statistical Yearbook, Industrial Enterprise Science and Technology Yearbook, China High-Tech Industry Statistical Yearbook China Labor Statistics Yearbook, EPS database, Wind database and Guotai’an database. The model’s core explanatory variables of fiscal decentralization and environmental fiscal policy are mainly from China Tax Yearbook, China Fiscal Yearbook and forward-looking database.
3.2 Variable Selection and descriptive statistics

(1) The Explained Variable. This paper draws on the definition of industrial green transformation by the research group of institute of industrial economics CASS (Research group of institute of industrial economics CASS, 2011). Combined with the main indicators of the industrial green development plan (2016–2020) issued by the Ministry of industry and information technology in 2016, and the “14th Five-year plan” of China’s industrial development strategy, we build an industrial green transformation index from seven aspects: pollution emission, pollution treatment, resource intensification, green innovation, structural optimization, production efficiency and sustainable development. The industrial green transformation index system is shown in Table 1.
(2) Core Explanatory Variables. Fiscal decentralization (FD) is divided into fiscal revenue decentralization (FDR) (He et al., 2016) and fiscal expenditure decentralization (FDE) (Kuai et al., 2019). Fiscal revenue decentralization refers to the distribution relationship between the central and local governments in fiscal revenue. The higher the fiscal revenue decentralization is, the greater the power of local governments to control fiscal revenue is. Fiscal expenditure decentralization refers to the distribution relationship between the central and local governments in fiscal expenditure. The higher fiscal expenditure decentralization means that local governments have greater autonomy in fiscal expenditure. In this paper, referring to Chu et al. (2018), the four indicators of fiscal revenue autonomy rate, fiscal revenue proportion, fiscal expenditure determining rate by itself and fiscal expenditure proportion are used to calculate the fiscal decentralization by using the entropy method. Fiscal decentralization index system is shown in Table 2.
(3) Moderating Variables. Environmental fiscal policy (EFT) is a moderating variable, including environmental fiscal expenditure (EF) and environmental tax revenue (ET). Environmental fiscal expenditure refers to Zhu and Lu (2017). It is measured by the proportion of environmental fiscal expenditure in GDP. Environmental tax revenue turns to Wang and Li (2018). It is measured by the proportion of resource tax, cultivated land occupation tax, consumption tax, vehicle purchase tax, urban maintenance and construction tax, vehicle and vessel tax, and urban land use tax in the sum of total taxes and sewage charges.
(4) Control Variables. Referring to Zhang et al. (2016) and Chen and Ma (2011), This paper selects the following indicators as the control variables (X): Population density (PD) is measured by the ratio of total population to administrative area at the end of the year. The higher the population density, the greater the demand for the social public environment. It forces local governments to improve environmental benefits. Natural conditions (NC) are measured by per capita forest area. Areas with good natural conditions have a good rate of forest greenery, which facilitates the adsorption of pollutants. Local governments may be inclined to reduce funding for environmental protection. Human capital (HC) is measured by the average number of education years. An increase in the tertiary educated working population will give the region a strong R&D capability and provide a growth engine for industrial transformation. Descriptive statistics of variables are shown in Table 3.
TABLE 1 | Industrial green transformation index system.
[image: Table 1]TABLE 2 | Fiscal decentralization index system
[image: Table 2]TABLE 3 | Descriptive statistics of variables.
[image: Table 3]3.3 Method and model
3.3.1 Projection pursuit method
This paper uses projection pursuit method to determine the weight. The basic idea of projection pursuit method is to project high-dimensional data onto low-dimensional subspace through some combination, use projection objective function to measure the possibility of projection configuration exposing a certain data structure, set constraints, find out the projection direction vector that maximizes the projection objective function, and then analyze the structural characteristics of high-dimensional data in low-dimensional subspace according to the projection direction vector. The specific modeling process is as follows:
Step 1. Standardize original value. Set the sample as [image: image]. Where [image: image] is the original data of the evaluation indicator j in the sample i; n is the number of samples and p is the number of evaluation indicators. Most of the evaluation indicators have dimensional differences, and the original value of each evaluation indicator has different variation ranges. It is lack of comparability, so that it must be standardized. The following method can be used to standardize the original data of evaluation indicators:Positive indicators:
[image: image]
Negative indicators:
[image: image]
Eqs 1, 2, [image: image], [image: image] are the maximum and minimum values of original data of evaluation indicator j; [image: image] is standardized value of evaluation indicator, [image: image].
Step 2. Construct the projection objective function. Set [image: image] as the projection direction vector, and the one-dimensional projection value of the sample in this direction is:
[image: image]
When optimizing the one-dimensional projection value, the projection value [image: image] is required to reflect the dispersion characteristics of small concentration (the projection points are condensed locally as closely as possible to form point clusters) and large dispersion (the projection point clusters are dispersed as far as possible). For this purpose, the projection objective function is constructed with the following formula:
[image: image]
Eq. 4, [image: image], [image: image], respectively is the standard deviation and local density of the projection value respectively, namely:
[image: image]
[image: image]
Eqs 5, 6, [image: image] is the average value of the sequence[image: image] and R is the window radius of the local density.[image: image] represents the distance between samples, [image: image]. The symbolic function [image: image] is a unit step function. If [image: image], the function value is 1; If [image: image], the function value is 0.
Step 3. Optimize the projection objective function. After the sample set is determined, the change of projection direction vector [image: image] determines the change of projection objective function[image: image]. Different data structure features are represented by different projection direction vectors, and the projection direction vector that most likely reflects a certain structural feature of high-dimensional data is the best projection direction vector. By setting constraints, solve the maximized projection objective function and calculate the best projection direction vector.
[image: image]
[image: image]
This is a complex linear optimization problem with optimization variables[image: image], which is difficult to deal with by conventional optimization methods. Therefore, this study uses the genetic algorithm to solve, which can realize the simplicity and effectiveness of high-dimensional global optimization.
Step 4. Rank. After obtaining the best projection direction vector, take the best projection direction vector as the weight, multiply it by the standardized value of the corresponding evaluation indicator, and add all the evaluation index to obtain the projection value. According to the projection value in the sample, the superior and inferior of all the samples can be calculated.
3.3.2 Spatial Durbin model
To explore the spatial effect of fiscal decentralization on industrial green transformation, this paper first constructs the following static spatial Durbin model:
[image: image]
Eq. 9, i denotes province, t denotes time, LnUPgrade represents the industrial green transformation, LnFD represents the fiscal decentralization, W is the spatial weight matrix, X are other control variables, [image: image] and [image: image] represents the fixed effect of individual and time, [image: image] is the residual disturbance term.
Due to the spatial spillover and time lagging of industrial green transformation, this paper refers to Luo and Wang (2017), and adds the industrial green transformation of the previous period into the model to form a dynamic spatial Durbin model:
[image: image]
Eq. 10, LnUPgradeit-1 refers to the industrial green transformation of province i in the period t-1, Other symbols have the same meaning as Eq. 9.
In order to test the moderating mechanism of environmental fiscal policy on the relationship between fiscal decentralization and industrial green transformation, the interaction and spatial lagged term of fiscal decentralization and environmental fiscal policy are added to Eq. 10. The specific model is as follows:
[image: image]
3.3.3 Spatial weight matrix
The setting of spatial weight matrix is the key to the analysis of dynamic spatial panel model. Based on Zhang and Zhu (2010), this paper sets up a nested spatial weight matrix including geographical and economic factors. The formula is as follows:
[image: image]
Eq. 12, Wd is the geographical distance weight matrix, We is the economic distance weight matrix, then Wn is between 0 and 1. [image: image] is closing to 0, which indicates that the spatial weight is more related to the geographical distance factor. [image: image] is closing to 1, which indicates that the spatial weight is more related to the economic distance factor.
4 EMPIRICAL ANALYSIS
4.1 Analysis of the industrial green transformation
We use projection pursuit method to calculate the industrial green transformation of 30 provinces in China from 2007 to 2017. The results are shown in Table 4, Figure 3. It is the development trend of China’s industrial green transformation from 2007 to 2017 on basis of Supplementary Appendix Table S4. It shows that the industrial green transformation is rising over the whole period.
TABLE 4 | Evaluation results of industrial green transformation index in 30 provinces (2007–2017).
[image: Table 4][image: Figure 3]FIGURE 3 | Development trend of industrial green transformation.
To analyze the change trend of industrial green transformation and its regional differences, this paper divides 30 provinces and province-level municipality into eastern, central and western region according to the national “Seventh Five Year Plan” economic and social development plan. This paper uses Dagum Gini coefficient decomposition to decompose the regional differences of China’s industrial green transformation. The results are shown in Table 5. The results show that: 1) China’s industrial green transformation gap increased from 0.1308 to 0.1435 during the period of 2007–2017. 2) The gap between the eastern, central and western regions of industrial green transformation expands year by year. 3) The gap between the eastern and the western regions is the largest. 4) The contribution rate of inter-regional gap to the industrial green transformation widening gap in China is always the highest. Therefore, narrowing the gap between regions is the key to solve the regional imbalance of industrial green development in China.
TABLE 5 | Dagum Gini coefficient and its decomposition results of China’s industrial green transformation.
[image: Table 5]4.2 Spatial correlation test
4.2.1 Global Moran’s I index
Table 6 reports the global Moran’s I index from 2007 to 2017. The results show that except for FD, which failed to pass the significance test in part years, other variables are significantly greater than zero. It indicates that there is an obvious spatial dependence between variables. Therefore, it is necessary to employ the spatial model to further investigate the relationship between fiscal decentralization and industrial green transformation.
TABLE 6 | Results of global Moran’s I from 2007 to 2017.
[image: Table 6]4.2.2 Local spatial autocorrelation
Figure 4 is the scatter chart of Moran’s I index of industrial green transformation in 2007 and 2017. In the whole, the number of provinces in the low-low agglomeration mode of industrial green transformation has decreased, and the number of provinces in the high-high agglomeration has increased.
[image: Figure 4]FIGURE 4 | Moran’s I index scatter of industrial green transformation in 2007 and 2017.
4.3 Model estimation results
Before estimating the parameters of the model, we need to determine the specific form of the spatial model at first. In this paper, LM Test, LR test and Hausman test are carried out in turn. The test results are shown in Table 7. LM statistics are significantly positive, indicating that there is significant spatial autocorrelation. So it is appropriate to use spatial model. Further, in order to determine the form of spatial panel model, Wald is also used to test whether the spatial Durbin model can be weakened into the spatial lagged model or spatial error model. It can be seen that models have passed LR test, meaning that the model should be set as spatial Durbin model. Then the Hausman test is used to determine whether it is a fixed effect or a random effect. It can be found that the Hausman test statistics significantly reject the null hypothesis, so the double fixed effect model is selected for estimation.
TABLE 7 | Estimation results of spatial Durbin model.
[image: Table 7]4.3.1 Impact of fiscal decentralization on industrial green transformation
In Table 7, models (1)–(2) are the regression results of fiscal decentralization affecting industrial green transformation using static fixed-effect spatial model and dynamic fixed-effect spatial model. The results show that the coefficient of fiscal decentralization is significantly positive, which reveals that fiscal decentralization is helpful to industrial green transformation. Due to the improvement of fiscal decentralization, local governments make better use of local information to optimize resource allocation and accelerate the upgrade of industrial green transformation. The spatial lagged coefficient in is significantly positive, which proves that the industrial green transformation has obvious spatial agglomeration characteristics. Therefore, the Hypothesis 1 is verified.
4.3.2 Moderate of environmental fiscal policy
To test the moderating mechanism of environmental fiscal policy, the interactive term of environmental fiscal expenditure and fiscal decentralization (LnFD×LnEF) is introduced into the column (3) of Table 7, it can be found that the interaction coefficient is significantly positive. It indicates that fiscal decentralization can indeed affect the industrial green transformation through environmental fiscal expenditure. In column (4) of Table 7, the interaction term of environmental tax revenue and fiscal decentralization (LnFD×LnET) is introduced, we can get that the coefficient of the interaction term is significantly positive. It means that fiscal decentralization can indeed affect the industrial green transformation through environmental tax revenue. By comparing the coefficients of the interaction terms in column (3) and column (4), the coefficients of LnFD×LnEF is greater than that of LnFD×LnET. It shows that under the fiscal decentralization system, it is more likely for local governments to adopt environmental expenditure policies to push forward the industrial green transformation. Hypothesis 2 is verified.
4.3.3 Spatial effect decomposition
Referring to Anselin (2007), this paper decomposes the spatial effects into direct and indirect effects. The direct and indirect effect is further divided into long-term (LR) and short-term (SR) effect. Columns (1)–(3) of Table 8 give the decomposition results based on the columns (2)–(4) of Table 7.
TABLE 8 | Results of the direct and indirect effects.
[image: Table 8]The results show that, no matter direct or indirect, the short-term effect of fiscal decentralization on industrial green transformation is more significant. Among that, the short-term direct effect is significantly positive and short-term indirect effect is significantly negative. It indicates that fiscal decentralization enhances local industrial green transformation, but it has an adverse impact on its neighbors’ industrial green transformation. The increase of fiscal decentralization in local intensifies the neighbors’ fiscal competition. Then the neighbors compete to relax fiscal policies, which is detrimental to the local industrial green transformation. Column (2) of Table 8 shows that the short-term effect of the interaction coefficient between fiscal decentralization and environmental fiscal expenditure is significantly positive, the long-term effect is not significant, and the coefficient of the short-term indirect effect is greater than the short-term direct effect. The environmental fiscal expenditure policy has a model effect, which prompts neighbors to strengthen the environmental fiscal expenditure. Thus, it positively regulates the adverse impact of fiscal decentralization on the neighbors’ industrial green transformation. Column (3) of Table 8 shows that the short-term direct effect of the interaction coefficient between fiscal decentralization and environmental tax revenue is significantly positive, while the short-term indirect effect is significantly negative. There is bottom-by-bottom competition in environmental tax among regions, which negatively regulates the impact of fiscal decentralization on industrial green transformation, but this effect is relatively small. It means that environmental tax policy restricts the industrial enterprises’ emission by imposing a fee on the pollutants. The low charging standard with poor supervision on China’s emission collecting institute inhibits its incentive role. The above analysis verifies Hypothesis 3.
4.4 Robustness test
The above comprehensive fiscal decentralization index calculated by entropy method is used to inspect the relationship between fiscal decentralization and industrial green transformation. Table 9 in Columns (1)–(3) use fiscal autonomy (fiscal revenue/total fiscal expenditure in the provincial budget) as an alternative variable for robustness test, and columns (1)–(3) are estimated by dynamic spatial Durbin model. The estimated parameter symbols and significance of fiscal decentralization and its interaction term with environmental fiscal policy are basically consistent with the above estimated results. This shows that the impact of fiscal decentralization on industrial green transformation is reliable and stable.
TABLE 9 | The estimated results of robustness test.
[image: Table 9]Columns (4)–(6) in Table 9 report the results of the dynamic spatial regressions under the economic weight matrix setting. the common practice of constructing economic weight matrices based on the inverse of the absolute difference of an economic indicator that produces a spatial effect. This paper uses the inverse of the gap in the level of industrial green transformation between the two provinces: [image: image], otherwise it takes the value of 0. The results are generally consistent with the analysis above.
Furthermore, instrumental variable test can solve the endogenous problem to a certain extent. This paper draws on E Qu and Liu (2021) and uses the average value of the neighbors’ fiscal decentralization in the same year as the instrumental variable (fd_iv) of local fiscal decentralization. Only the regression results of the second stage are reported in Table 9 in columns (7)–(9). It can be found that the coefficients are basically consistent with the previous conclusions.
4.5 Heterogeneity analysis
4.5.1 Decentralization heterogeneity
Due to the heterogeneity of fiscal decentralization, this paper divides fiscal decentralization into revenue decentralization and expenditure decentralization. Table 10 gives the estimated results. Column (1) of Table 10 shows the impact of revenue decentralization on industrial green transformation. The coefficient of revenue decentralization is significantly positive, which indicates that revenue decentralization is beneficial to the industrial green transformation. Column (2) of Table 10 introduces the interaction term between revenue decentralization and environmental fiscal expenditure (lnFDR×LnEF), and the coefficient of the interaction term and spatial lagged term of revenue decentralization and environmental fiscal expenditure is significantly positive. Column (3) of Table10 introduces the interaction term of revenue decentralization and environmental tax revenue (lnFDR×LnET), the coefficient of the interaction term is positive, which indicates that the environmental fiscal policy plays a positive moderating role between revenue decentralization and industrial green transformation. By comparing the interaction term coefficient of revenue decentralization and environmental fiscal expenditure, we can find that this coefficient is greater than that of revenue decentralization and environmental tax revenue, which is consistent with the previous analysis. That is, under the fiscal decentralization, local governments are more inclined to adopt environmental fiscal expenditure policies to boost the industrial green transformation.
TABLE 10 | Estimated results of heterogeneity analysis of fiscal decentralization.
[image: Table 10]Besides, Column (4) of Table 10 shows the impact of expenditure decentralization on industrial green transformation. The coefficient of expenditure decentralization is significantly positive, indicating that expenditure decentralization is useful to industrial green transformation. By comparing the coefficients of revenue decentralization and expenditure decentralization, we find that expenditure decentralization plays a greater role in advancing industrial green transformation. The reason is that local governments have greater control over the use of funds by the expenditure decentralization, which can better optimize the efficiency of resource allocation and promote the enhancement of industrial green transformation. Column (5) introduces the interaction item between expenditure decentralization and environmental fiscal expenditure (LnFDE×LnEF), the interaction coefficient is significantly positive. Column (6) introduces the interaction between expenditure decentralization and environmental tax revenue (LnFDE×LnET), the interaction coefficient is significantly positive. It can also be found that the coefficient of LnFDE×LnEF is significantly greater than that of LnFDR×LnEF, which shows that we can give full play to environmental fiscal policy on expenditure decentralization to drive industrial green transformation.
4.5.2 Region heterogeneity
Due to geographical locations, natural resources and economic development difference, this paper divides the national sample into three regions: eastern, central and western region. It further examines the impact of environmental fiscal policies on industrial green transformation under fiscal decentralization in different regions. See Table 11 for the specific results. The coefficient of fiscal decentralization in the eastern and central regions is positive, and the coefficient of fiscal decentralization in the western regions is negative. This shows that the fiscal decentralization in the eastern and central regions can bolster the industrial green transformation, and the western fiscal decentralization is not promotive to the industrial green transformation. This is because the economic development in the western region is backward and the fiscal decentralization is increased, which will increase the political and economic incentives of local governments. Therefore, it is easy to fall into an extensive economic development mode, which is not helpful to the industrial green transformation. The eastern and central regions have a higher economic development, and governments have more power to develop the industrial green transformation under the decentralization in local.
TABLE 11 | Estimated results of regional heterogeneity analysis.
[image: Table 11]In addition, From the perspective of the interaction coefficient of fiscal decentralization and environmental fiscal expenditure, the coefficient of the eastern region is significantly positive, the coefficient of the central region is significantly positive, and the coefficient of the western region is not significant. Compared with the eastern region, the interaction coefficient between fiscal decentralization and environmental fiscal expenditure in the central region is smaller. Due the high-tech industry in the central region remains in its infancy, and the environmental fiscal expenditure needs to be digested and then further transformed into green productivity. From the perspective of the interaction coefficient between fiscal decentralization and environmental tax revenue, the interaction coefficient in the eastern and central regions is positive, and the interaction coefficient in the central region is more significant, while that in the western region is negative. Moreover, the coefficient of LnFD×LnET is greater than that of LnFD×LnEF. It shows that it is more efficient for the central region to select environmental tax policies to enhance industrial green transformation under the fiscal decentralization.
4.5.3 Marketization heterogeneity
The marketization degree have a positive impact on the green economy (Ren et al., 2022). Therefore, Referring to Fan et al. (2003), This paper classifies regions with market levels above or below the current median market level as high market level regions and low market level regions.Table 12 shows the results of the heterogeneity tests based on differences in marketability levels. Columns (1)–(3) show the results of dynamic spatial regressions for regions with high levels of marketization. The results show that fiscal decentralization in high marketization regions has a significant positive impact on the green transformation of industry, and the coefficient of the interaction term between fiscal decentralization and environmental fiscal expenditure is significantly positive. In contrast, the coefficient on the interaction term between fiscal decentralization and environmental taxes is insignificant. Columns (4)–(5) show the results of dynamic spatial regressions for low-market areas. The results show that fiscal decentralization in low-market areas has a negative impact on the green transformation of industry, and the interaction term between fiscal decentralization and environmental fiscal policy is not significant. The reason for this is that more market-oriented regions are able to open up further to the outside world, and the influx of advanced technology and other technologies reduces the cost of transformation and upgrading for enterprises and regions with a low level of marketisation lack effective resource allocation, which is thus detrimental to industrial transformation.
TABLE 12 | Estimated results of heterogeneity analysis of marketization.
[image: Table 12]5 DISCUSSION
For China, industrial green transformation is necessary and important to achieve the win-win goals of sustainable economic growth and environmental protection. It is well known that fiscal decentralization has made an outstanding contribution to China’s rapid economic development. However, it has also been blamed for causing serious environmental problems. In recent years, the central government has imposed increasingly stringent requirements on environmental management, which inevitably affects the local governments. In this context, it is essential to re-examine the impact of fiscal decentralization on the green economy. Based on this, this paper gives an insight into the impact of fiscal decentralization on the green transformation of industry.
First, we measure the industrial green transition through a projection tracing model and provide a detailed analysis of the regional differences and spatial distribution of the industrial green transformation based on the decomposition of the Dagum Gini coefficient and the spatial Moran index. This makes our findings more in-depth than previous studies on industrial green transition measurement (Chen et al., 2016; Deng and Yang, 2019). From 2007–2017, the industrial green transformation in China is on the rise year by year. China’s industrial green transformation presents an unbalanced development state with high in the east and low in the west, and the internal gap among the three regions has been reduced. Industrial green transformation has significant “time inertia” and a positive spatial spillover on neighbor provinces.
Second, we think that fiscal decentralization is beneficial to the green transformation of industry. This result is inconsistent with many scholars (Song et al., 2018; Dong et al., 2022; Liu et al., 2022; You and Ouyang, 2020). This is because most previous studies have been derived from the premise that GDP growth is the only criterion for the performance of local officials in terms of promotion. However, with the introduction and improvement of China’s green GDP assessment mechanism since 2007, it has been clear that the previous conclusions do not quite match reality. In terms of research methodology, compared to You and Ouyang (Research group of institute of industrial economics CASS, 2011) who used a static spatial model, this study used both static and dynamic spatial models with the lagged effects of time, making the estimates more accurate and comprehensive. And this paper analyses the moderating role of environmental fiscal policy and finds that fiscal decentralization effectively promotes the role of environmental fiscal policy in the green transformation of industries, and that environmental fiscal expenditure has a greater role than environmental taxation. Unfortunately, this mechanism has rarely been discussed. It also differs from the study by You and Ouyang (2020), who argue that fiscal decentralization has a significant negative effect on the green innovation efficiency of provincial firms under different environmental regulatory instruments.
Third, we have tested the above results for heterogeneity. This part of the findings is a useful addition to existing research. The study by Wang and Li (2021) also distinguishes between revenue decentralization and expenditure decentralization, but their study ignores the information on internal and external budget revenues and expenditures in the selection of indicators, and they argue that revenue decentralization has a greater effect on curbing environmental pollution. Our research finds that expenditure decentralization can more fully exploit the positive regulatory mechanisms of environmental fiscal policy than revenue decentralization, effectively accelerating the green transformation of industry. And by testing for regional heterogeneity, we find that fiscal decentralization drives industrial green transformation in the east and central regions, while the west hinders it. The eastern region tends to work more through environmental fiscal spending, while the central region tends to work through environmental taxation and the western region has little role for environmental fiscal policy. The impact of regional heterogeneity is also discussed to provide policy considerations for regional fiscal strategy decisions. Based on a heterogeneity test of marketization, we find that fiscal decentralization in areas with high levels of marketization is conducive to a green transformation of industry, while the opposite is true for low marketization areas. This is similar to the findings of Ren et al. (2022).
6 CONCLUSION AND POLICY IMPLICATION
This paper adopts the balanced panel data of 30 provinces in China from 2007 to 2017. It calculates the industrial green transformation and fiscal decentralization by using projection pursuit model and entropy method respectively. It employs static and dynamic spatial Durbin model to conduct empirical research. The conclusions drawn as follows.
First, the industrial green transformation in China is on the rise year by year. China’s industrial green transformation presents an unbalanced development state with high in the east and low in the west, and the internal gap among the three regions has been reduced. Industrial green transformation has significant “time inertia” and a positive spatial spillover on neighbor provinces. Besides, fiscal decentralization has a significant advancing effect on the local industrial green transformation, while it has a restraining effect on the neighbors’ industrial green transformation. The short-term effect is more significant than the long-term effect. That means we should deepen the reform of fiscal decentralization and implement differentiated fiscal decentralization strategies combined with local conditions.
Second, fiscal decentralization effectively promotes the industrial green transformation by the environmental fiscal policy, and the role of environmental fiscal expenditure is greater than that of environmental tax revenue. That indicates we should continue to increase the scale of environmental protection expenditure, enhance the utilization efficiency of waste generated in production and life, and add the comprehensive utilization value of waste. Meanwhile, we should improve China’s existing environmental tax institute and realize the integration of sustainable development and tax reform.
Third, compared with revenue decentralization, expenditure decentralization can more fully allocate resources, give full play to the positive moderating mechanism of environmental fiscal policy, and effectively speed industrial green transformation. The fiscal decentralization push for the industrial green transformation in the eastern and central regions, while that in the western region hinders the industrial green transformation. Under the fiscal decentralization, the environmental fiscal expenditure in the eastern region significantly boosts the industrial green transformation than the environmental tax revenue, and the environmental tax revenue in the central region better upholds the industrial green transformation, while the role of the environmental fiscal policy in the western region is not significant. Based on this, For the eastern regions, we should gradually expand fiscal decentralization and exploit economic, technological, talent and information advantages, which accelerate the speed of industrial green transformation. For the central region where heavy-pollution industry is concentrated, we should strengthen the government’s financial intervention, set the bottom line towards the ecological environment, and form effective constraints and incentives for industrial emission reduction. For the western region with relatively backward economy, we should appropriately delegate power, encourage local governments to develop the economy, and make corresponding environmental standards to supervise industrial pollution emissions. Fiscal decentralization in high-market areas facilitates the green transformation of industry, while in low-market areas is the opposite. Therefore, local governments should further deepen the reform of market mechanisms, stimulate market vitality and provide a good competitive environment for the green transformation of industry.
In addition, the research of this paper still has some work leaving behind. In the above analysis, it confirms the heterogeneity in the impact of revenue decentralization and expenditure decentralization on industrial green transformation. There may be vertical fiscal imbalance, so we will consider the impact of vertical fiscal imbalance in future research.
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The green innovation (GI) of agriculture-related enterprises has been an important factor to the ecological and sustainable development of agriculture. This research integrates the eight elements of the internally and externally governing mechanisms in the innovative governance system (IGS), adopts the fuzzy-set qualitative comparative analysis (fsQCA) from the configuration perspective, taking the data of A-shares’ listed agricultural companies in Shanghai and Shenzhen stock markets from 2007 to 2019 as samples, and explores the configuration effects of highly green innovations (GIs) from the collaborative matching of various elements of the enterprises’ IGS. The research results showed that 1) a single element of this IGS was unable to become a requisite for agriculture-related enterprises to generate highly GIs, but government subsidies played a more universal role in such a process; 2) the “multiple synergies” of various elements in the enterprises’ IGS formed six different configurations to drive highly GIs, namely, three major models of internal and external supervision with an external incentive, internal supervision with internal and external incentives, and internal and external supervision with internal and external incentives; 3) there were five different paths for the IGS of agriculture-related enterprises to generate non-highly GIs, which were in asymmetry with the configuration paths to generate the highly GIs.
Keywords: external governance, internal governance, synergistic matching, highly green innovations, fsQCA
1 INTRODUCTION
The establishment of ecological civilization has always been one of the most significant factors to the sustainable and healthy development of human society, and both academic and practical circles attach great importance to it. Enterprises are not only the users and takers of natural resources but also the key factor to coordinating economic, social, and ecological issues. In ecological governance, enterprises should assume a major role, and their GI has been an effective way to achieve the dual goals of economic and ecological benefits (Kong et al., 2016). However, the GI of agriculture-related enterprises not only possesses dual externalities but also faces uncertainties of agricultural production and operation. Its risk has been much higher than that of other industries (Wang et al., 2021a). The GI behaviors of its executives brought higher agency costs, and the economic benefits generated by the GIs of agriculture-related enterprises were often lower than their ecological and social benefits. This will dampen the enthusiasm of enterprises and withdraw their momentum for more GIs. Therefore, the synergy of internal and external governance mechanisms is needed to guide agriculture-related enterprises to actively carry out GIs.
Scholars have carried out significant research on the influences of GIs on enterprises and obtained fruitful results, but the conclusions were not always consistent and sometimes contrary to each other. As the most effective external governance mechanisms, environmental regulation and government subsidy policy have a significant effect on enterprises’ GIs. Research studies by scholars also showed that the subsidy policy would promote the GIs of enterprises, make up for the increased costs, and compensate for the short-term economic losses of producers (Wang et al., 2014). In contrast, it was believed that the subsidy policy would bring the crowding-out effect because sufficient government subsidies could replace a part of enterprises’ internal funds for research and development (R&D) (Herrer and Montmartin, 2015; Yu et al., 2016). Government subsidies or tax returns were deemed to mainly play an incentive role, while environmental regulation, as a mandatory regulatory policy, was considered to exert a more supervisory effect. The “Porter hypothesis” holds that appropriate environmental regulation could encourage enterprises to implement technological innovations and transformations. In contrast, it was believed that environmental regulation increased the cost of enterprises’ environmental governance, which would crowd out investments in technological innovations and product R&D and then impose a negative impact on the market competitiveness and performance of enterprises (Jaffe and Palmer, 1997; Kneller and Manderson, 2012). Effective implementation of external policies was directly related to the internal governance mechanism of enterprises. GIs require plenty of capital investments, policy support, and effective allocation of capital. As the carrier of the internal incentive and supervision mechanisms of enterprise innovations, internal governance played an important role in the process of GIs (Cheng et al., 2019), which would effectively reduce the agency behaviors of executives, promote their motivation for GIs, and improve the enterprise efficiency of resource allocation in a timely manner. Existing literature research studies demonstrated that increasing the cash incentives of executives would reduce their agency behaviors and lower their risk aversions (Benjamin et al., 2017). Increasing the proportion of independent directors would increase the transparency of enterprises and effectively control the major shareholders or internal staff, which might facilitate the improvement of the quality of innovative decision-making (Xu and Xu et al., 2021).
In general, the aforementioned research studies mainly evaluated and validated the influences of single governance systems and their mutual interactions on GIs, but the internal and external governance mechanisms exist in integration than in solitary, while there is a synergistic matching effect among their elements. Only the matching of diverse external policies and proper internal governance mechanisms can achieve encouraging enterprise innovation behaviors (Reichert et al., 2016). Future research should evaluate and validate the effectiveness of the IGS coordinately developed by internal and external governance elements.
Agricultural green innovation is the core of sustainable and high-quality development of the entire agriculture industry. Agricultural enterprises have not only been the most dynamic and vital subject, leading the activities of agricultural green innovation, but also a pivotal force in the industrialization of agricultural achievements from science and technologies (Hong and Li, 2020). However, research and development innovation activities are characterized by long cycles, high risks, and irreversibility, while enterprises have to bear the high governance costs when conducting these innovation activities (Wan et al., 2020). The production and operation activities of agricultural enterprises have already been influenced by uncontrollable factors such as biological growth cycle, natural environment, and epidemic situation; consequently, the technological innovation process and innovation result implementation cycle have become longer and riskier (Li and Li, 2015). In particular, green innovations of agricultural enterprises demand high-quality land; sufficient oxygen, moisture, and other natural environments; and abundant support of human and material resources. Unlike agricultural technology innovation or industrial enterprises’ green innovation, agricultural green technology innovation poses the dual characteristics of commonness of agricultural technology innovation and non-exclusivity of green technology innovation benefiting, which reflected its unique attribute of public goods (Chu, 2022). This feature enables the social and environmental benefits of agricultural green technology innovation to go far beyond its economic benefits. Enterprises and individuals seeking to maximize economic benefits are not willing to conduct agricultural green innovation. As a consequence, it becomes necessary to build supervision and incentive mechanisms for affecting the elements of agricultural green technology innovation to achieve the innovation objectives and eventually promote the green innovation behaviors of agricultural enterprises. It can be observed that establishing an effective system of innovation governance is quite significant to the green innovation of agricultural enterprises, but at present, few scholars have paid attention to the possible influence of an innovation governance system on the green innovations of agricultural enterprises.
This study integrates the eight elements of internal and external supervision and incentives of the IGS, takes the data of agricultural companies listed in Shanghai and Shenzhen stock markets from 2007 to 2019 as the research sample, and uses the method of fuzzy-set qualitative comparative analysis (fsQCA) to explore the synergistic matching of various elements of the IGS and the complex causality mechanism of GIs of agriculture-related enterprises. From the perspective of configuration, this method analyzes the different paths of highly GIs of agriculture-related enterprises generated by the synergistic matching of various elements of the governance system, like “all roads lead to Rome.” This study tries to answer the following questions: does a single element of the IGS constitute a necessary condition for highly GIs of agriculture-related enterprises? Which configurations of governance elements can generate highly GIs for agriculture-related enterprises? Also, which configurations of governance elements can generate non-highly GIs for agriculture-related enterprises?
2 LITERATURE REVIEW AND CONFIGURATION ANALYSIS
2.1 External governance and green innovations of agriculture-related enterprises
Enterprise innovation brings high-quality resources to enterprises and is also an effective way to establish market competitiveness. It should become a natural selection process for enterprises, but in reality, not all companies actively implement innovations (Cheng et al., 2019). There are dual externalities in enterprises’ GI, which requires regulatory and subsidy policies to internalize the cost of enterprise environmental governance. As a mandatory environment from the external institution, environmental regulation will affect the investment scale and efficiency of enterprise GIs. The social costs from environmental pollution are higher than the benefits from GI, resulting in negative externalities. The government needs to implement mandatory constraints and market guidance to reduce the emission of pollutants from enterprises, thus stimulating enterprises’ technological transformation and GI. The “Porter hypothesis” holds that appropriate environmental regulation could encourage enterprises to carry out technological innovation and transformation so that enterprises’ core competitiveness and business performance are improved. Agriculture has been an industry with low-tech innovations (Pang and Liu, 2021), and agriculture-related enterprises rely more on resources, environments, and simple processing of regional agriculture-related products. Under increasingly strict environmental regulations, these enterprises now have to improve technology for green transformation. Moreover, the government mainly restricts pollution behaviors through mandatory requirements of directive environmental regulations and market supervision by pollution charging to stimulate the motivation for GIs.
From a macroscopic perspective, due to the positive externality of GI, innovative enterprises need to invest plenty of money and time, but they cannot monopolize their innovation results. The GIs of agriculture-related enterprises have long cycles, high risks, and low economic profits, which cause strong uncertainty in their investment returns. The contradiction between the weaknesses of agriculture and the profit-seeking nature of capital has severely restricted the financing of agriculture-related enterprises (Czarnitzki and Hussinger, 2004), leading to lack of GI momentum of listed agricultural companies. Other research studies showed that the government subsidy policy would promote the GI of enterprises, compensate for the increased costs, and make up for the short-term economic losses of innovators (Dong et al., 2021). First, government subsidies could solve the short-term financing problems of innovative enterprises, make up for the unexpected losses from early innovation failures, and reduce the uncertainty caused by financial problems to a certain extent (Czarnitzki and Hussinger, 2004). Second, later-stage compensations such as tax returns could offset the costs brought by the spillover of knowledge and technology to a certain degree, increase the efficiency of enterprise innovations’ compensation, and increase the enthusiasm of enterprise innovation (Cheng et al., 2019) so that the GI of enterprises is improved. The public production attribute of the agricultural industry causes its economic profits to be far below its social benefits, and the positive externality of GIs is more obvious, which makes the subsidy policy an important factor in the green and high-quality development of agricultural enterprises.
2.2 Internal governance and green innovations of agriculture-related enterprises
According to the agent theory, the agent problems hidden within enterprise innovative activities will restrict innovation efficiency. As the agents of entrepreneurs, executives are also the controllers and executors of enterprises’ GI strategies. Reasonable supervision and incentives to executives have been conducive to reducing agent costs and improving innovation efficiency (Xie et al., 2018). To pursue short-term interests, enterprise executives would often give up some long-term investments, especially when making highly risky investment decisions such as GIs. Thus, how to reduce the agent behaviors of executives and improve the enterprises’ enthusiasm for GI has been an important issue of internal governance. Improving the cash incentives to executives would reduce their agent behaviors and risk aversions (Xi and De, 2020), which is the most effective incentive in the short term. Moreover, equity incentives will enable them to tolerate short-term innovation failures and offer long-term returns, making executives consider more about the long-term development of the enterprise. However, due to binding the executive performance with equity, they would be affected by short-term market pressures and worries about the shrinkage of short-term wealth, before choosing investment projects with high economic returns to crowd out GI ones (Yu et al., 2020). Therefore, both internal and external supervision mechanisms must be adopted to restrict executives’ short-sighted behaviors.
Internal supervision is not only the core factor of internal governance but also an important element in the IGS. Research studies exhibited that governance mechanisms such as improving the proportion of independent directors and keeping the share balances could enhance the enterprise’s transparency and effectively implement internal control over major shareholders, which is conducive to improving the quality and efficiency of executives’ innovative decision-making (Xu and Xu, 2021). From the perspective of board governance, independent directors have no critical business connection with executives and can make decisions independently; therefore, they are expected to make more objective suggestions on the long-term development and environmental issues of the company, supervise the short-sighted behaviors of senior executives, and reduce the agent costs (Cheng et al., 2019). From the perspective of equity governance, the share balance divides the control among shareholders to supervise and restrict each other, alleviate their selfish behaviors, and reduce the agent cost between shareholders and executives to a certain extent (Yu et al., 2020). This could also restrict the short-sighted behaviors of executives so that the GI behaviors of enterprises are improved. Although the enterprise’s GIs endure high risk and a long return period, they remain the key factor to maintaining the enterprise’s core competitiveness and green sustainable development in the new era. As a result, for the sake of long-term interests, major shareholders and independent directors will become more inclined to improve the enterprise’s GI.
2.3 Configuration analysis of enterprises’ innovative governance systems and green innovations of agriculture-related enterprises
The governance of enterprise innovation is an integrated system composed of both internal and external governance systems (Cheng et al., 2019). The studies on the “net effects” of different internal and external governance systems on the GI of agriculture-related enterprises provided a basis for understanding the relationship between these IGSs and GIs. However, in such studies, the linear relationships between different government policies with different internal governance systems and GIs of agriculture-related enterprises were uncertain, and it was difficult to explain the configuration effects of more than three factors. It was impossible to clarify the necessary and sufficient causalities because the process of enterprise GI has been a loosely connected entity, relying on the values of “connection” and “aggregation” and the logic of re-creation (Wang et al., 2021b). Different internal and external governance systems are interdependent, interactive, and connected entities; hence, the single internal supervision and incentives cannot generate high GIs. There are complex causality relationships between multiple conditional variables of internal and external governance and enterprise GIs.
Scholars have also conducted substantial research on the complex causality among multiple factors with plentiful results, which laid a solid foundation for this study. Meyer et al. (1993) proposed that the environment, industry, technology, culture, belief, community, members, and other elements with results could be aggregated into distinct configurations at different dimensions. Ragin (2007) also believed in the existence of numerous reasons for various social phenomena, which were interdependent rather than independent of each other; therefore, the interpretation of these social phenomena requires the analysis ideology to rely on the abovementioned configurations. This ideology has also been widely applied in the display analysis of economic management, but the contingency theory remains preferred by traditional academic research, mainly to analyze the causal relationship between the two or the cross-relationship among the three, when controlling other conditions. This is primarily because of the mismatch between the research theories and methods. With the introduction of set theory and the QCA method, the dilemma of scholars in analyzing problems from the perspective of configurations was eventually resolved (Fiss, 2007). In recent years, numerous scholars have adopted the method of QCA to analyze the practical problems of economic management. For example, the study by Huang et al. (2021) has revealed that the performance by overseas subsidiaries of Chinese manufacturing enterprises was the result of the achievement of multiple factors. The research of Li et al. (2022) has demonstrated that the process of enterprise business model innovation is the output of multiple internal and external factors. Nonetheless, the existing literature on QCA lacks comprehensive consideration of the internal and external factors of the enterprises’ innovative governance systems.
The relationships of symbiosis and competition among the elements of the enterprise IGS can only depend on the synergistic matchings between these elements to achieve effective governance, such as the matchings between the configuration effects of supervision and incentives, the configuration effects of long-term incentives and short-term incentives, and external policy and internal governance. Moreover, the green innovation process of agriculture-related enterprises is deemed to be a complex procedure that needs to integrate the natural, environmental, technological, and economic resources, while coordinating multiple stakeholders, including the government, farmers, related enterprises, and employees (Chu, 2022). These green innovations of enterprises demand the synergy between the combination policies of different departments and sophisticated internal governance (Cheng, 2019; Wang and Li, 2021). From the perspective of configuration, the organization is best understood as an interrelated structure rather than a unitized or loosely combined entity (Du and Jia, 2017), which is the same as the perspective of the enterprise IGS. Therefore, the configuration perspective is very suitable for analyzing the non-linearity, equivalence, and complexity of the enterprise IGS to the GI of agriculture-related enterprises. On one hand, the enterprise IGS restricts the agent behaviors of executives but encourages GI behaviors to improve the innovation enthusiasm of decision-makers. On the other hand, it optimizes the external policy and market environment to improve the efficiency of compensating the GI. To sum up, it remains an open question about how the elements of the IGS interact with each other to influence the GI of enterprises. Based on the configuration perspective, this study explores the complex causality mechanisms of the IGS affecting the GI of agriculture-related enterprises. The theoretical model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research framework.
3 RESEARCH METHODS AND VARIABLE SELECTION
3.1 Research methods
According to the aforementioned theoretical analyses, it was found that the GI of agriculture-related enterprises had a spillover effect, while the spillovers of technology and knowledge would reduce the enthusiasm of innovative enterprises. Therefore, it proved to be far from enough for the highly GI of agriculture-related enterprises to merely study the influences of the pairwise interactions between internal factors and external policies. It was necessary to explore the effects of the IGS with the multidimensional synergy of internal governance and external policies on the GI of agriculture-related enterprises.
The method of fuzzy-set qualitative comparative analysis (fsQCA) based on the set theory proposed by Ragin C C can well-solve the complexity of causality and identify different equivalent paths leading to the same result for evaluating the multiple synergistic causalities (Ragin, 1987). This method has been widely used in academia since Ragin proposed the QCA method. In the early days, scholars mainly used the QCA method in cross-case studies of small samples of complex problems in social sciences such as sociology and political science (Ragin, 1987; Ragin, 2007). In recent years, the QCA method has been widely used in the processing of large samples in management and the configuration analysis of complex problems (Du and Jia, 2017) and has become an important tool to solve the complexity of causality in management, marketing, and management information systems (Fiss, 2007; Fiss, 2011; Misangyi et al., 2017; Du and Ma, 2022). There are three reasons for choosing the fsQCA approach: first, the realization of highly GI of agriculture-related enterprises depends more on the joint supervision and incentive of external and internal governance. The fsQCA method can analyze the nonlinear relationship between different combinations of IGS elements and GI from the perspective of entirety and configuration. Second, this method can explore the different configuration paths of the IGS elements to realize the highly GI of listed agricultural companies, facilitating a better understanding of the multiple equivalent paths to realize the highly GI of agriculture-related enterprises. Third, the fsQCA method can also compare the asymmetric configuration path between highly and non-highly GIs generated by multiple synergy conditions.
3.2 Data collection
This study took the GI of listed agricultural companies as the research object with a specific data source: the GI data of agriculture-related enterprises were retrieved by first querying the corresponding International Patent Clsassification (IPC) from the website of China’s State Intellectual Property Office based on all the innovation data of listed companies in the Guotai’an database. Then, these IPCs were compared with those published by the World Intellectual Property Organization (WIPO)1. Finally, according to the “Industry Classification Guide for Listed Companies” revised by the China Securities Regulatory Commission in 2012, this study selected the enterprises of agriculture, forestry, animal husbandry, fishery, and related agricultural product manufacturing2. The government’s work reports could be downloaded from the websites of Chinese provincial governments. The data for the pollutant discharge fee were obtained from the “China Environmental Statistics Yearbook,” in which the environmental protection tax was levied after 2018 without publishing the pollutant discharge fee any longer. In this article, the market-oriented environmental regulation in 2018 and 2019 was replaced by the environmental protection tax amount obtained from the “China Tax Statistics Yearbook.” Other data related to corporate governance and government subsidies were from the Guotai’an database.
3.3 Definition and calibration of variables
3.3.1 Definition of variables
Outcome variable: The GI of agriculture-related enterprises was measured by the number of green patent applications of listed agriculture-related companies, which could more accurately measure the output level of enterprise innovation activities (Li and Zheng, 2016), rather than the input in advance. Furthermore, the International Patent Clsassification (IPC) published by the State Intellectual Property Office could also clearly distinguish the technical characteristics of enterprise innovation activities: GI or non-GI.
Conditional variables: We refer to the research studies of Benjamin et al. (2017) and Cheng et al. (2019) for selecting eight elements from four aspects of internal supervision, internal incentive, environmental regulation, and government subsidy, specifically including environmental regulation policy: directive environmental regulations and market-oriented environmental regulations; government subsidy policy: government subsidies and tax breaks; internal supervision: the proportion of independent directors and the degree of share balance; internal incentive: executive compensation incentive and executive equity incentive. Detailed measurements and descriptive statistics are listed in Table 1.
TABLE 1 | Calibration values and descriptive statistics.
[image: Table 1]3.3.2 Calibration of variables
QCA data are usually numerical, and each type has its own specific format. All conditions in fsQCA must be calibrated as continuous values between 0 and 1. This study followed the mainstream research of QCA at home and abroad to use the direct method (the way of objective quantile value) to calibrate each variable as a fuzzy set. Referring to the research of Fiss (2011) and Greckhamer (2016), according to the characteristics of the sample data in this article, it can be observed from the descriptive statistics that there is a significant difference between the maximum value and the minimum value of the sample data, with the average value being closer to the minimum value. If 95%, 50%, and 5% are selected as the anchor points, it will be too extreme and affect the accuracy of the research results. Therefore, the 75%, 50%, and 25% quantiles of descriptive statistics of outcome variables and conditional variables were used as three qualitative anchor points of full membership, crossover, and full non-membership, respectively, This anchor is also widely used and recognized by scholars in economics and management (Fiss, 2011; Greckhamer, 2016; Du and Jia, 2017; Du and Ma, 2022). See Table 1 for details.
4 EMPIRICAL ANALYSIS AND RESULTS
4.1 Analysis of necessary conditions
According to the existing QCA research practices, this study adopted the fsQCA software to test the requisites of all conditional variables and non-sets. Whether the elements of the IGS can constitute the requisites for highly GIs and non-highly GIs of agriculture-related enterprises is illustrated in Table 2. The consistencies of single variables were all below 0.7; thus, single conditions could not constitute the requisites for outcome variables (Du and Jia, 2017). The realization of highly GI of agriculture-related enterprises was proven to be a configuration system of synergy among the elements of the IGS, not driven by the single elements or the interactions between every two.
TABLE 2 | Necessity test of single conditions.
[image: Table 2]4.2 Analysis results of sufficient conditions
4.2.1 Highly green innovations’ governance system for agriculture-related enterprises
Referring to the research of Du and Jia (2017), considering that the sample cases and data feature frequency threshold and consistency threshold of this study were selected as 2 and 0.85, respectively, the results calculated by fsQCA software are listed in Table 3. This study distinguished the core condition or edge condition by comparing their simple solutions and the intermediate solutions (Fiss, 2011; Du and Jia, 2017). It could be observed from Table 3 that the overall consistency level of the intermediate solution was beyond 0.8 and the coverage was 0.258. According to the coverage index, each configuration had a substantive explanation for the GI of agriculture-related enterprises, while the six configurations jointly explained the coordination mechanism of internal and external governance of agriculture-related enterprises’ GIs. In five of the six configurations, government subsidy existed as the core condition, while the proportion of independent directors did not exist in three configurations, indicating that the highly GI of agriculture-related enterprises depended on the configuration system with synergistic effects of environmental regulation + internal supervision + government subsidies, government subsidies + internal incentive and internal supervision, and internal supervision + dual incentives of governments and enterprises. This study also analyzed the non-highly GIs' configuration system of agriculture-related enterprises and obtained five different configuration paths, as listed in Table 3. Each configuration is described in detail as follows.
(1) Configuration H1: a model of environmental regulation + government subsidy + share balance, in which sufficient government subsidies, insufficient environmental regulation or tax return, and the lack of share balance as the core condition would still generate highly GI of agriculture-related enterprises. In this configuration, whether there was an equity incentive had little effect on the GI of agriculture-related enterprises, while the marginal conditions of independent directors and executives’ cash incentives exist and lack. The possible reasons are that for listed agricultural companies, their competitiveness and scale have not been dominant at present. There are many financing constraints (Wang et al., 2021a), and more government subsidies are needed to offset short-term financial problems and generate a longer-term driving force for GI. Moreover, the regulatory effect of environmental regulation policy on agriculture-related enterprises has been insufficient. It is necessary to increase the regulatory intensity to improve the GI awareness of agriculture-related enterprises, simultaneously increase the shareholding ratios of minority shareholders, and strengthen the supervision over controlling shareholders. Configuration H1 is a typical traditional model of applying government support to promote GI.
(2) Configuration H2: a model of government subsidy + independent director supervision similar to H1, in which the synergistic effect of adequate government subsidies and strict supervision by independent directors would also generate highly GI of agriculture-related enterprises. Under this model, internal incentives, share balances, and tax returns all existed as marginal conditions. The possible reason was that government subsidies could compensate for the short-term costs of GI, but whether government subsidies were applied in GI required strict supervision by independent directors to improve the resource allocation efficiency of executives, with constraints of environmental regulation policy to guide the investment direction of agriculture-related enterprises. H2 belonged to the configuration path of highly GI generated by the synergistic effect of both internal and external supervision with sufficient government support.
(3) Configuration H3: a model of government regulation + share balance + tax return incentive, which was mainly a highly GI configuration formed by the synergy of strict internal and external supervision with internal and external long-term incentives. As long as the core conditions such as the directive-based and market-based environmental regulations and the share balances existed, irrespective of the presence of government subsidies or not, the long-term encouragement from executives’ equity incentives and tax returns would still generate highly GI of agriculture-related enterprises. The possible reason was that strict environmental regulation would increase the environmental awareness of decision-makers and bring an innovation compensation effect in the long run. Moreover, the supervision of market-based environmental regulation would improve the market reputation of enterprises, and the equity incentive would increase the ownership awareness of executives to pay more attention to the long-term development of the company, which would improve its GI. Under strict environmental regulation, only GI could bring market competitiveness to agriculture-related enterprises, but the existence of externalities and natural risks to agricultural enterprises required long-term and continuous incentives for executives to actively improve their GI enthusiasm.
(4) Configuration H4: a model of government subsidy + share balance + cash incentive, regardless of the supervision by independent directors, with environmental regulation policies as the marginal condition. As long as the lacked existence of sufficient government subsidies, executive payment incentives, share balances, and tax returns as core conditions could still generate highly GI of agricultural enterprises. This might be attributed to the following reasons: compared with other enterprises, agriculture-related enterprises suffered high operation risk and difficult financing; hence, sufficient financial support would effectively improve the innovation efficiency. Meanwhile, cash incentives would be given to executives for reducing the agent costs and increasing the efficiency of resource allocations, which would improve the GI enthusiasm of executives. This configuration belonged to a typical highly GI governance configuration generated by the synergistic effect of the internal and external short-term incentives and the supervision by minority shareholders.
(5) Configuration H5: a model of share balances + government and enterprise incentives. Whether there were independent director supervision and even directive-based and market-oriented government regulations have already been marginal conditions in this model, the existence of the supervision by minority shareholders as the core condition under sufficient government subsidies and enterprise incentives would still also generate highly GI of agriculture-related enterprises. The possible reason was that the operation risk of agriculture-related enterprises was relatively high and executives had more agent behaviors, but the strong internal and external support and encouragement could well-alleviate the negative feelings of executives, reduce their agent behaviors, and solve the financing problems. Furthermore, the internal supervision by minority shareholders over controlling shareholders would also promote the GI of enterprises. This configuration belonged to an IGS of synergy among government subsidies, long-term and short-term dual incentives for executives within the enterprise, and supervision by minority shareholders.
(6) Configuration H6: a model of internal dual supervision + share incentive + government subsidy. Whether it had command-based environmental regulation or not, when the existence of market-based environmental regulation and tax returns were both lacked as marginal conditions, as long as there was the existence of core conditions such as strict internal supervision, equity incentive, and government subsidy, the highly GI of agriculture-related enterprises will still be generated. The possible reason for this was that the current internal governance of China’s agriculture-related enterprises was imperfect. Hence, strict internal supervision would have obvious constraints on senior executives, and with the synergistic matching of government subsidies and long-term incentives, highly GI effects could be generated. This configuration belonged to the innovative governance configuration of synergy between strict internal supervision and internal and external dual incentives.
TABLE 3 | Configuration analysis of GI of agriculture-related enterprises.
[image: Table 3]To sum up, the governance process of promoting GIs of agriculture-related enterprises has been a configuration system with the synergistic effect of internal and external supervision and internal and external incentives. It was neither generated by the supervision or incentive of a single party nor formed by the interactions between every two of them but by the entirety of the joint actions by the government, the market, and the enterprises themselves. Also, this configuration system was not symmetrical to that of non-highly GI, which was also analyzed in this study.
4.2.2 Governance system of non-highly green innovations of agriculture-related enterprises
From Table 3, it could be observed that the existence of government subsidies had little effect on non-highly GI. Configuration H1 showed that only strengthening internal supervision and incentive without environmental regulation or government financial support was one of the main reasons for generating non-highly GI in agricultural enterprises; configuration H2 proved that only strict government policy regulation and internal incentives without internal supervision or government financial support would also generate non-highly GI of agriculture-related enterprises; configuration H3 indicated that strict internal and external supervision and internal incentives without government financial support would again generate non-highly GI of agriculture-related enterprises; configuration H4 revealed that the lacked existence of strict internal supervision, equity incentives, market-oriented environmental regulation, and tax returns also led to the non-highly GI of agriculture-related enterprises; configuration H5 demonstrated that the existence of core conditions such as strict directive-based environmental regulation, share balances, and tax returns, with the lack of core conditions such as equity incentives and market-oriented environmental regulation, would also generate non-highly GI of agriculture-related enterprises.
Moreover, it could be observed from Table 3 that government subsidies existed as a core condition in five of the six configurations of highly GI but as a marginal condition in only two of the five configurations of non-highly GI, which illustrated that government subsidies had a universal and important effect on the highly GIs of Chinese agriculture-related enterprises during their green transformation process. From the perspective of internal supervision, supervision by independent directors existed as a core condition in only two configurations of highly GI and in three configurations of non-highly GI, which indicated that the supervision role of independent directors of listed agricultural companies in GI decision-making had not been significant, as they might have colluded with other directors and senior executives to serve their personal interests.
4.3 Robustness test
Based on the research studies of Fiss (2011) and Du and Jia (2017), this study selected the frequency threshold and consistency threshold as 3 and 0.85, respectively, and tested the robustness of the configuration analysis on the GI of agricultural enterprises. Test results are shown in Table 4, It was found that the configurations of the new and the original models were basically consistent with each other, and there was a clear subset relationship between them, indicating that this research conclusion was relatively robust.
TABLE 4 | Robustness test results.
[image: Table 4]5 RESEARCH CONCLUSION AND REVELATION
5.1 Research conclusion
This study analyzed the complex causality path of GI driven by various elements of enterprise IGS. First, a single governance element does not constitute a necessary condition for the highly GI of agriculture-related enterprises, which deepened the discovery of the positive role of environmental regulations, government subsidies, internal supervision, and internal incentives in promoting the GI of agriculture-related enterprises. Meanwhile, government subsidies played a more universal role and would influence the effects of other governance elements, which verified the compensation effect of government subsidies on the GI of Chinese agricultural enterprises at the current stage. Second, there were six and five types of internal and external synergy governance configurations that generated highly GI and non-highly GI of agriculture-related enterprises, respectively. This study not only revealed that the constraints of regulatory policies and government subsidies were complementary to each other, such as H1 and H2, but also included both the strict environmental regulations and high government subsidies, which promoted the compensation effect on GI, reduced the externalities, and complemented other governance factors to generate highly GI. It was also disclosed that environmental regulation policy and internal supervision exerted the substitution effects, such as H1 and H6, which both included the matching of high-level environmental regulation policy or high-level internal supervision with internal and external incentive mechanisms, which would generate highly GI and reduce externality and agent behavior. Finally, this study integrated different internal and external governance mechanisms, analyzed the complex matching relationship between various elements of the IGS, and improved the understanding of the synergies between the IGSs. From an overall perspective, this study discussed the influences of the synergistic configurations of various elements such as environmental regulations, government subsidies, internal supervision, and internal incentives on the GI of agriculture-related enterprises. It further proved that the internal and external governance mechanism of enterprises was an interdependent and synergistic entirety, and a single mechanism was difficult to become a necessary condition for generating highly GI. For agriculture-related enterprises, applying internal governance to increase the efficiency of resource allocation was also an important factor to GI improvement.
5.2 Revelation on governance
The study conclusion of this article puts forward the following three suggestions for improving the IGS of agriculture-related enterprises: first, optimizing the single enterprise governance mechanism is not the premise of improving the GI of agriculture-related enterprises. Their GI governance is a configuration system under the synergy of various elements of internal and external governance mechanisms, which cannot be limited to optimizing these single elements but expanded to the overall perspective of focusing on the synergistic matchings of internal and external governance elements and specifying the “combination” of optimizing the internal and external governance mechanisms. Second, while increasing their GI investments, agriculture-related enterprises could optimize the matching effect of their internal supervision and incentives and improve the efficiency of resource allocation. Agriculture-related enterprises can choose appropriate GI paths and targeted measures according to the development levels and their own innovative abilities and give full play to the incentive effects of the IGS on improving these abilities. Third, local governments should adopt measures to local conditions; formulate improvement policies for innovative governance in line with local agricultural development, environmental governance, and characteristics of agriculture-related enterprises; increase the efficiency of synergistic governance between governments and enterprises; and promote the green and high-quality development of these agriculture-related enterprises.
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Businesses must do more than safeguard their financial interests to survive in today’s market. Sustainability, or long-term viability, requires consideration of society, the environment, and the global community. However, community-based businesses cannot use some of the current components of the sustainable business framework because they were created for large corporations. Both quantitative and qualitative approaches are used in this study. First, quantitative methods were used to develop a conceptual model for the organization’s current needs using the PPT, the TOE, and an Expectation Confirmation Theory (ECT). A simple random sampling method was used to gather the data, with a sample size of 14 villages. Using a five-point Likert scale, the researcher gathered data from 2,584 households and collected 627 valid responses. After that, descriptive statistics were used to describe the data (frequency distributions, percentages, averages, medians, and standard deviations), and PLS-SEM was used to investigate the interactions between variables and launch the conceptual model using partial least squares (PLS) path modeling. First and foremost, qualitative through Interactive Qualitative Analysis (IQA). There are two ways to create a congested SID and an uncluttered SID: the Affinity Relationship Table (ART), the mapping of the Inter-Relationship Diagram (IRD), and the system influence diagram. According to the study, sustainable community water supply businesses are the primary driver. The conceptual framework presented in this paper is consistent with the results of the combination of quantitative and qualitative methods and the current constraints placed on community water supply businesses to thrive.
Keywords: sustainable business model, sustainable development goals, interactive qualitative analysis, community engagement, risk management, sustainable production and consumption
1 INTRODUCTION
The United Nations has established 17 Sustainable Development Goals (SDGs) to resolve global issues such as poverty, inequality, climate change, and peace. By 2030, these objectives call for efforts to eradicate poverty, protect the environment, and provide universal peace and prosperity (Sachs et al., 2022). The sustainable development objectives provide specific rules and targets that all nations must adhere to in order to meet their development aspirations. We should make wise decisions to better future generations’ lives. Sustainable development goals, or “sustainable development objectives,” are balanced advancements in the three pillars of sustainability: social, economic, and environmental. The study by (Sinha et al., 2021) has shed more light on 17 sustainability objectives in all, which may be classified into five categories: Social (people), economic (prosperity), environmental (planet), peace and institutions (peace), and development partnerships (Partnership). These SDGs take into account the environment, society and good governance. Examines how the actions of each firm or organization may have a beneficial effect on the economy, society, and environment. This is the world’s long-term sustainability from the perspective of business (Edeigba and Arasanmi, 2022). provides a detailed analysis of the “triple bottom line.” Business is more than profit; we must consider people, profit, and the environment. Profitability is a must. Our world is still viable. Therefore, if we see a pattern here and begin prioritizing sustainability, we can justify it in the long term by looking back on our organization and the work we are now performing. Therefore, the triple bottom line applies to people, profit, and the environment (Lee et al., 2020). This is readily apparent when you work with us. Will the riches he earns enable him to fend for himself? What can we do to ensure the happiness of our citizens? Numerous firms may believe raising employee compensation will reduce the organization’s revenue. However, we may need to consider the long-term implications. If only he could take care of himself properly. Additionally, society as a whole will improve.
Also, technology management and sustainability are processes before using technology to grow the business. We saw the inherent difficulty in getting things done. In their widely acclaimed work (El Baz et al., 2022) discuss everything is accelerated by technology. It may be enhanced with the use of technology. We must begin to integrate technology to expand the company. We recognize the true nature of the issue while attempting to resolve it. Because if anyone comprehends this section, we may avoid the need for technology to capture it. Initially, attempt to resolve the issue manually. And then, we will look at how we might combine technology to help it expand even further. Trust is a necessary component of a stable organization. Of course, “profit” is necessary for an organization’s ability to operate. However, the profit motive is such that a company would use whatever means necessary to implement it. In the past, we may have been familiar with the tendency to spend money on corporate social responsibility (CSR) operations to boost an organization’s elegant image (Dimitropoulos, 2022). However, as technology advances, civilization has shrunk. If any group causes personal problems, it might instantly become global news. It will eventually affect the organization’s image (Alkaraan et al., 2022).
Further, the SDGs and Thailand, published by (Sachs et al., 2022), have shed more light on sustainable development and Thailand (see Figure 1). The Sustainable Development Report 2022 published the SDG Index rating report in June 2022, in which 163 nations were ranked. Thailand was subsequently ranked 44th in the world. Thailand achieved an overall average score of 74.1. However, there is a slight decline from 2021 (Sachs et al., 2021), when Thailand obtained an evaluation score of 74.2. However, due to COVID-19, global poverty and unemployment rates have increased. Similarly, numerous nations are ranked poorly. However, Thailand still faces substantial obstacles to reaching the following targets (red status): SDG 2: “zero hunger”, SDG 3 stands for “good health and well-being”, while SDG 14 stands for “Life below water”. SDG 15 stands for “Life on Land,” and SDG 16 stands for “Peace, Justice, and Strong Institutions.”
[image: Figure 1]FIGURE 1 | SDG Country Profiles and International spillover index; Thailand, sourced (Sachs et al., 2022).
In addition, many individuals demanded the “sincerity” of the corporate sector’s activities. We are primarily concerned with business and social and environmental growth. This procedure is intended to satisfy all parties. Because if a company is not concerned with society or the environment, it will also lose public support. Running a company has several difficulties. As a result, organizations must continually adapt and improve in order to survive and expand stably and sustainably. Thus, the work of both (Lichtenthaler, 2022) and (Chillakuri and Vanka, 2022) focused on developing an organization toward sustainability is a “critical concern” that every firm must consider and address. Depending on the organization’s context, this factor may be accomplished in various ways. Furthermore, no previous sustainable business framework has examined a sustainable commercial strategy for water supply. Also, just a handful of original research studies present conceptual models in the community water supply that have significant outcomes (Sukma and Leelasantitham, 2022a; Sukma and Leelasantitham, 2022b; Sukma and Leelasantitham, 2022c; Sukma and Leelasantitham, 2022d). There are attempts to discover the relationship between governance, social networks, transparency, stakeholders, value creation, value proposition, and value capture in the community water supply that must be developed from the conceptual model to the conceptual framework level to complete the investigation. Moreover, Consistency over the long run is what sustainability means in business practice. Every organization that aspires to become sustainable must have a long-term vision that creates the foundation for its development. A solid foundation is required for sustainable growth. There is a long-term plan that not only promotes the organization’s growth and advancement but also incorporates concern for society and the environment. Organizations that must plan for long-term growth should consider several crucial criteria.
Besides, firms seeking long-term sustainability may not perceive a clear long-term corporate picture if these elements are ignored. It may also lead to company failure, which is the objective of this study. Consequently, the following research question is posed:
RQ1: What factors should be considered in sustainable organizations’ sustainable community water supply business framework?
RQ2: How can the Sustainable Community Water Supply Business Framework be supported to organize for sustainability success?
We sifted through previously published research and our study’s theoretical or framework foundation to find the proper solution based on the research question. Following this, the proposed Quantitative and Qualitative research is described. We experimented with validating the validity of both the quantitative by variance-based structural equation modeling (SEM) utilizing the partial least squares (PLS) path modeling method and the qualitative with IQA qualitative study by analyzing and making decisions based on the results. Finally, we look at how the results of our study contribute to a conceptual framework and how we can learn more about how local businesses and entrepreneurs operate as sustainable community businesses.
2 THEORETICAL BACKGROUND
2.1 Original research and initiative conceptual models in community water supply
This study explores, for the first time (Sukma and Leelasantitham, 2022b), which results are consistent, and examines the people’s participation through online forms and utilizing current technology to serve the people. It is a model that improves coordination and efficiency in the community. Furthermore (Sukma and Leelasantitham, 2022c), continue to investigate when the water user community will expand the capacity and satisfy expectations for services in the public sector via the e-government model. The public is more impressed with government services. In addition, the framework encourages transparent and verifiable work at each stage. Their groundbreaking paper leads to constructing a sustainable business model that considers the essential aspects that will impact the local economy and encourage participation. These results suggest that each business model for community water delivery has advantages and disadvantages within each group.
However, it is indisputable that running a successful corporate organization requires implementing concrete transparency methods and rules to earn respect and trust of all parties involved and, most importantly, the people receiving the online service (Sukma and Leelasantitham, 2022d). In general, the results (Sukma and Leelasantitham, 2022a) contribute to our understanding that participation in the community’s water supply has been found to overcome ethical concerns through technology, governance, and transparency available in modern social networks. All of the earlier research is still present in conceptual model-level research studies. To facilitate the transfer of theory to practice, this study has integrated all relevant research and offered it as a conceptual framework. There must be a set of essential guidelines for those interested in learning how to use it more simply.
2.2 Expectation confirmation theory (ECT)
(Oliver, 1980) established the ECT theory to investigate post-purchase behaviors such as repeat purchases, complaints, and service marketing. It is often used in market research to assert that customers will form expectations before purchasing a product and will develop knowledge of the product’s actual effectiveness after usage. If the expectation is fulfilled, the condition is satisfied. If an expectation is not met, it will remain unfilled. ECT theory is often utilized to extract meaning and create predictions. As shown by (Anderson and Sullivan, 1993), consumers are satisfied and want to buy again. Repeat purchase intent is determined by past satisfaction. Consumer satisfaction is considered critical to establishing and maintaining long-term customer loyalty. This idea was very predictable (Oliver, 1993). Shows that individuals repurchase a variety of different goods and services. These include the purchase of a multi-cycle automobile, acquiring a video camera, and managing the restaurant for future usage by customers (Swan and Trawick, 1981).
Furthermore, it refers to expectations as a factor in customer satisfaction choices because service expectations determine how long customers will consider a product or service before repurchasing it (Bhattacherjee, 2001a). ECT outlines a product’s or service’s repurchase expectation and its confirmation or denial depending on the product’s or service’s performance, which may affect customer satisfaction (Islam, 2014).
2.3 People, process, technology, and TOE framework
The PPT framework is entirely based on how the three components interact. The people do the jobs. The work is made more effective through the use of processes. The study by (Sunmola and Javahernia, 2021) has shed more light on the PPT framework. Implementing any process innovation is pointless if people, processes, technologies, and usage contexts are ignored or undervalued. It not only assists humans in completing their work but also in automating operations. Therefore, companies can attain organizational efficiency by balancing the three and improving the linkages between people, processes, and technology (Soja and Soja, 2017). Consider the structure as if it were a table with three legs; this is a practical approach to thinking about it. The table’s stability as a whole will be compromised if even one of the legs is slightly altered in length. In the same vein, as technology advances will need to adapt people and processes to make room for the new tools.
Also, many companies, for example, try to solve their problems by implementing cutting-edge technology and sophisticated tools. However, the effectiveness of technology is directly proportional to the procedures that use it and the people who manage it. The actions of an organization’s personnel are likely to be very ineffective if the organization does not create robust processes (Awa and Ojiabo, 2016). provides a detailed analysis of the T-O-E framework, which will also discard a significant portion of the value created through technology. If employees cannot use technology appropriately, the business will not derive any value from its investment in technological advancement. If the new technology is not successfully integrated into the procedures, the results will be the same.
On the other hand, if the company is too preoccupied with the process, it can end up with a solid strategy on paper. However, it will not have the appropriate personnel or the necessary technology to put it into action. Therefore, companies must establish the optimal balance between these three essential components to be successful.
2.4 The sustainable business framework
To enable businesses to operate following the principles of sustainable development. Studying and comprehending the organizational context is a standard part of any business procedure (Altieri, 2004). Similar to (Awan et al., 2022) report on Businesses must first and foremost comprehend the organization’s context, or “identity,” which can be studied and analyzed using the vision, mission, and corporate culture value chain; business strategy; business risks and opportunities; and the industry’s direction and trend (Bocken et al., 2019). These principles will help the organization to understand its context. This report results in stakeholder analysis and sustainability issues that businesses should prioritize and effectively manage to assist the business in achieving robust long-term growth (Reinhardt et al., 2020). In addition to analyzing the organizational context, companies should also identify stakeholders and analyze the relationship between the company and its stakeholders along the business value chain. Throughout the value chain, the business should be able to identify which stakeholder groups are involved. Each stakeholder group, both direct and indirect, can be prioritized. Then, analyze the issues that affect both stakeholders and businesses because a business should be able to assess both the positive and negative impacts that stakeholders have on the business and the impact the business has on stakeholders (Evans et al., 2017). Demonstrate the business relationship with its stakeholders. Who was responsible, and who was affected? What are the positive or negative repercussions, and what areas are addressed? Businesses should implement measures to increase their positive impact and decrease their negative impact. Maintaining competitiveness and cultivating the potential for long-term business growth will enable businesses to address impact issues, such as crucial sustainability issues, and prioritize each issue (López-Concepción et al., 2022). In addition, companies should establish written policies and objectives for corporate sustainability and communicate them to stakeholders.
2.5 Risk management and sustainable development goals
Sustainable development goals (SDGs) require a comprehensive understanding of risk management. Each SDG goal and pathway can have unintended and unplanned adverse side effects. Considering these limitations (Vagin et al., 2022), manage to provide. Suppose goals are not managed collectively and holistically. In that case, potential adverse effects include increased material and energy consumption due to the more efficient reflection effect, more technology, loss of biodiversity, and chemical risks associated with more efficient technology. These unintended effects will have far-reaching socioeconomic implications that cannot be evaluated without proper risk management for each potential error, i.e., damage, leaks, waste, or unfavorable events. Also, Prevent the work from achieving its objectives and goals or risk, which is the uncertainty that arises and impacts the achievement of the desired objectives and goals (Ullah et al., 2021). The absolute risk associated with the SDGs is the failure to achieve them or the lack of progress in their direction then. Goal tracking is difficult in itself, and poor metrics. Then can exacerbate the difficulty. This task will degrade performance or even causes the target tracking to fail. Even precise and efficient tracking will be ineffective if it does not contribute to business decisions and actions. However, the risk of not achieving the SDG can be mitigated through proper risk management through the board of management process that minimizes the probability of a risk event occurring to an acceptable level (Adams, 2017). As part of the management’s need to focus on implementing the policies, they must be carefully put into action and reported on right away to achieve the SDGs (Abhayawansa et al., 2021).
3 RESEARCH METHODOLOGY
This study combines quantitative and qualitative methods using a mixed research methodology. First, quantitative research with an information questionnaire was gathered, then data analysis with SEM, Secondary, qualitative research, and then data analysis by IQA process. Figure 2 shows the flow diagrams of the research methodology processes as follows.
[image: Figure 2]FIGURE 2 | Flowcharts of quantitative and qualitative research methodology processes.
3.1 The scope of survey
By 2021, 80% of Nakhon Phanom’s population will rely on the community water supply. In addition, the research found that the Provincial Waterworks does not supply the water utilized for domestic purposes in the Phanom district. This study used simple random sampling (14 villages, 2,584 households). All participants had lived in the study area for at least a year. Each household consumes water from the community water supply system (100%).
3.2 Questionnaire design
The questionnaire had 24 questions, each drawn from the relevance and reworked into eight constructs afterward. These instructions were delivered to each household individually. The questionnaire instructions explain that participants should be returned to a return box placed in an easily accessible spot, such as the multipurpose building used by the town. Using the Taro Yamane formula allowed the determination of the appropriate number of samples to be collected. It took into account 2,584 residential locations in addition to the acceptable margin of error, e =.05. According to specific estimations, the number of respondents that should have been included in the sample should have been 347, which is the amount that was necessary to gather data for this study, we collected sufficient data to move on to the next level thanks to the incredible participation of the communities. The researcher received 627 responses, 180 percent of the required number. Also, This data provided the researchers with enough data to evaluate the model and the research hypothesis. There is support for the hypotheses produced for the research model in the form of quantitative evidence.
3.3 Statistical data analysis
The questionnaire responses were imported and cleaned in preparation for the subsequent structural equation modeling (SEM) study. SmartPLS 3.3.0 software will perform partial least squares structural equation modeling (PLS-SEM) (Ringle, 2015), containing the measurement model, the fit to the structural model, and the model. Descriptive and inferential statistical analyses will be studied and discussed in the last phase of the investigation. This stage follows the previous step of collecting, processing, and analyzing questionnaire data. The data will then be easier to understand and more detailed. To verify the reliability and validity of the research model and questionnaire, we analyzed some of the most acquired miniature square data sets with SmartPLS. This approach was chosen for this investigation specifically because it is an element-based statistical tool for the development of causal models and has the potential to be applied to the current study topics. By comparing measurement data and structural models in a single phase of analysis, PLS is a method for modeling structural equations that saves time and effort (Tenenhaus et al., 2005). PLS is also known as the method of partial least squares. We chose PLS over covariance-based SEM approaches such as LISREL because it requires a lower sample size and indicator distribution and yield more accurate estimates (Hair et al., 2014; Hair et al., 2019; Hair Jr et al., 2021). A two-stage iterative data analysis approach is utilized to explore reliability and validity. In the procedure’s initial phase, the measurement model’s reliability and validity are examined. The structural model is then evaluated to determine whether it can represent a hypothetical connection as precisely as possible.
4 QUANTITATIVE RESEARCH MODEL AND HYPOTHESES
As previously mentioned, every organization that wishes to become sustainable must have a long-term vision that serves as the basis for its growth. For sustained expansion, a firm foundation is essential. There is a long-term strategy that not only encourages the growth and development of the business but also integrates consideration for society and the environment. Companies planning for long-term growth should evaluate several essential criteria and analyze which variables the sustainable community water supply business framework for sustainable organizations should consider. Then, the study model created to analyze a sustainable community business model through the lens of PPE, TOE, and ECT comprises eight components (People, Processes, Technology, Environment, Perceived Usefulness, Expectations, Satisfaction, and Continued Intention). This study will evaluate 13 hypotheses from a literature review as indicated in the research question. See Figure 3.
[image: Figure 3]FIGURE 3 | The Quantitative research model.
4.1 People, process, technology
People context elements may be formulated from any vantage point, such as experience, contingency, knowledge-based, and leadership. All elements mentioned above may be described in terms of human behavior, which is associated with IT project success, IT System Quality, and Organizational Performance. Consequently, In their carefully designed study (Bhatt, 2001), found it is essential to consider people. The process context factors, such as IT leverage ability and knowledge-sharing, business process redesign and improvement, training and education, project planning, and information flow management, were derived from absorptive capacity theory, organizational information processing theory, and resource dependency theory. All of the aspects mentioned above may be described in business processes, which are connected to the IT project’s success, the IT system’s quality, and the organization’s performance. Using resource-based perspective theory and diffusion of innovation theory, the technological context elements, including IT infrastructure and facilities, functionality and compatibility, data analysis and conversion, and efficient legacy enterprise systems, were constructed. All the characteristics mentioned above can be understood in terms of the technological context related to IT project Success, IT systems, and Organization Performance. Therefore, analyzing the third problem’s technical aspects that contradict the initial idea is necessary. The associated theory may be summarized as follows.
• H1-H6. People, Process, and Technology positively influences Perceived Usefulness and Expectations.
4.2 Organization and environment
The organizational context factors were derived from the Technology-organization-environment (TOE) framework, which comprises an environmental component (Awa et al., 2015), a technology element, and organizational elements in terms of management readiness for change, cultural readiness, organizational culture, clear vision, goal, and objective, organizational resources, and managing cultural change. All of the elements mentioned above may be understood in the context of the organization, which is connected to the success of the IT project, the quality of the IT system, and the organization’s effectiveness. Also, external environmental context aspects are significant yet outside the organization’s control. Using stakeholder theory, these were constructed concerning IT consultant experience and strength, consultant selection and relationship, similar partner priorities, collaborative partner support, partner trust, partner culture similarity, competitive pressure, regulatory pressure, trust of vendor process mode, trust of consultant process mode characteristics, and consultant business and technical knowledge (Bosch-Rekveldt et al., 2011). This is evident from the summary theory part of the literature review. The external environment is relevant to the IT project’s success, the IT system’s quality, and the organization’s performance. Consequently, evaluating the fifth problem’s external environmental aspects that contradict the initial idea is essential. The associated theory may be summarized as follows.
• H7, H8. Environment positively influences Perceived Usefulness and Expectations.
4.3 Perceived usefulness and expectations
It is a component of ECT and has been utilized in various research initiatives, such as those addressing online commerce and the online web’s future (Hong et al., 2017). As part of Chang et al.’s examination of the user’s continuing intention toward the on-line portal, she extended her experimental design by including playfulness (ECT). Elements such as fun, contentment, perceived utility, and customer satisfaction on users’ intent to revisit a website. Another study (Li and Liu, 2014) indicated that ECT is predominantly distributed among patients by word of mouth. The results indicated that the perceived usefulness and enjoyment of the product positively influenced the user’s desire to continue using the product in the future. The perceived utility is a crucial component of the expectation conformity hypothesis. According to (Legris et al., 2003), perceived usefulness is a stable variable when examining user behavior at both the initial and post-adoption stages. In a prior study, confirmation of expectations has been shown to significantly impact people’s views of the utility and enjoyment of products. Thus, we have the following hypotheses.
• H9, H10. Perceived Usefulness has positive influences on Satisfaction and Continuance Intention.
• H11, H12. Expectations have positive influences on Satisfaction and Continuance Intention.
4.4 Satisfaction and continuance intention
Satisfaction is an emotional consumer state that impacts a customer’s motivation linked with a particular service. A pleasant E-Participation experience increases the willingness of community water consumers to use E-Services, resulting in their long-term utilization. Consumers of community water will continue to use the E-Service if they are satisfied with it after using it before and developing a high level of confidence in it (Rahi and Ghani, 2019). According to (Bhattacherjee, 2001b), people who are satisfied with an information system are more likely to continue using it. Customer satisfaction increases the likelihood that their intrinsic interest in the service will drive them and its relevance, avoiding feelings of shame and self-worth, and by compliance with regulations and avoiding penalties. Also, activities that pique the client’s attention, such as novelty, challenge, or aesthetic importance, are referred to as “continuance intentions.” There is evidence to suggest that internal control has had a favorable influence on future objectives and conduct (Wu and Chen, 2017). Extrinsic motivation dynamics must first be understood if novel motivating behaviors are to be discovered. Extrinsic motivation is derived from something outside of oneself, such as a requirement or reward. Consumers driven by something other than themselves are more likely to continue utilizing the services. As a result, we have the following hypotheses.
H13. Satisfaction positively influences Continuation Intention.
5 RESULT OF QUANTITATIVE RESEARCH
5.1 Descriptive analysis
Table 1 shows the demographic characteristics of 627 community water consumers, revealing that 42.9% of participants were male, while 57.1 percent were female. Sixty percent of the respondents were between the ages of 30 and 50. Regarding education level, roughly two-thirds of the participants had a bachelor’s degree or less. When it comes to community water consumption, nearly 61% of participants have been using community water for at least 15 years. There was a statistically adequate distribution of gender and age among each group to assess the situation in this study, which included data from people who had lived in places that had used community water since birth. There is a significant relationship between the variables that influence the research objective.
TABLE 1 | Demographic data of primary testing respondents, Total (N = 627).
[image: Table 1]5.2 The measurement models
First, Cronbach’s Alpha scores for the suggested study model ranged from 0.778 to 0.820, above the acceptable threshold of 0.7 (Hair et al., 2014; Hair et al., 2019; Hair Jr et al., 2021). The model’s internal consistency testing results were used to determine composite reliability (CR), which was 0.870–0.893, over the 0.70 criterion. Additionally, all constructs with extracted average variance (AVE) have convergent validity greater than 0.50, and the model output produced AVE values between 0.691 and 0.737. Table 2 provides details. Table 3 gives information on the validity and reliability of answer items, including median, mean, standard deviation, loading, and variance inflation factor (VIF). Twenty-four open-ended questions in the two segments comprise general and model-specific questions that show each Cronbach’s alpha is above 0.7. Furthermore, the mean, standard deviation is 3.829–4.155. Table 3 shows that factor loading values from 0.783 to 0.881 are more than 0.70. Outside VIF scores range from 1.523 to 2.163, with a criterion of less than 5. All predictive factors with an association coefficient below 5 are valid. In this study, no predictor variable was multicollinear. Second, the model’s discriminant validity was also evaluated (Fornell and Larcker, 1981). Each diagonal value in a construct must be at least 0.70 more than the column total. That is, the Fornell-Larcker criterion of continuity intention (CI) value is 0.838 as a higher square root of AVE than the other components (0.691–0.737). Table 4 summarizes Fornell-Larcker’s findings. As a criterion for assessing latent variable associations, discriminant validity testing is widely used. The Fornell-Larcker criterion and cross-loading analysis are used to show discriminant validity. Table 4 demonstrates another technique for using the multitrait-multimethod matrix. In addition, we offer an alternative strategy based on the multi-trait multi-method matrix, sometimes referred to as the “Heterotrait-Monotrait ratio (HTMT)” in Table 4. The term “HTMT” refers to the sum of all indicators’ cross-variable correlations. As proposed by (Henseler et al., 2015), a value of less than 0.85 should be established for HTMTAll requirements to be met based on Tables 2–4, proving discriminant validity.
TABLE 2 | Establish the reliability and validity.
[image: Table 2]TABLE 3 | The reliability and validity of the results.
[image: Table 3]TABLE 4 | Fornell-Larcker criterion and Heterotrait-Monotrait ratio (HTMT).
[image: Table 4]5.3 Structural model
After receiving satisfactory findings from the previous assessment, we used SmartPLS 3.3.0 to perform hypothesis testing and goodness-of-fit analyses (GoF). The theories behind the proposed research paradigm were explored in the preceding part. As indicated by (Hair et al., 2019) we resampled 5,000 samples using the bootstrapping method with a significance threshold of 0.05 for the path coefficient, the t-value, and the p-value. The following are the acceptance requirements for the path coefficient (β) (>0.10), the t-value (>1.96), and the p-value (<0.05): As a consequence, the data show that H4 and H11 have been rejected, but H1, H2, H3, H5, H6, H7, H8, H9, H10, H12, and H13 have been accepted. Figure 4 illustrates the output with an indication of the hypothesis testing from the SmartPLS program. Table 6 provides a summary of the results. We obtained a goodness-of-fit (GOF) score of 0.603, indicating a high degree of model fit.
[image: Figure 4]FIGURE 4 | PLS algorithm results.
5.4 Model fit
As mentioned in earlier sections, the results of each suggested model building have been given. As seen in Figure 4, this section examines the results of the SmartPLS structural model, employing data from all suggested model structures. Table 5 displays the findings of the SmartPLS structural model analysis. In a quantitative research model, the model fit consists of three elements: First, the coefficient of determination (R2) is undesirable when it is less than 0.19, bad between 0.19 and 0.33, reasonable between 0.33 and 0.67, and outstanding when it is greater than 0.67. All variables had a moderate effect: continuance intention = 0.506, expectations = 0.433, perceived usefulness = 0.589, and satisfaction = 0.512. Second, the term “standardized root” refers to the square residual (SRMR), which must be less than 0.080 in order to be considered normalized (Hair Jr et al., 2021). This yields a satisfactory result of 0.056 for the computation. The goodness of Fit (GoF) is the degree to which a model matches its data. As shown in (Eq. 1), it may be categorized as low (less than 0.10), small (between 0.10 and 0.25), moderate (0.25–0.36), or large (more than 0.36). Depending on the outcome, this results in a high GoF level of 0.603. Using the following Eq. 1, the outcome of GoF may be calculated.
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TABLE 5 | Results of the structural model.
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The quantitative research results in Table 1 and Figure 1 indicate that all hypotheses (H1, H2, H3, H5, H6, H7, H8, H9, H10, H12, and H13) are accepted to be significant and to contribute to sustainable action organizations. However, two hypotheses, H4 and H11, have been rejected and require additional research and analysis. This part is where qualitative research should be carried out to offer sustainable operational procedures that propose a framework for sustainable business framework for the provision of community water because Businesses are reliant on inputs (inputs), processes (processes), and performance (performance) (outputs). The organization is responsible for incorporating the demands of all parties into the operational process and carrying out various tasks. Because managing a corporation involves overcoming several obstacles that present both dangers and possibilities (Fielding and Hornsey, 2016). Businesses must continuously evolve and adapt to survive and expand steadily and sustainably. Therefore, the organization’s growth toward sustainability is an “important topic” that every firm must incorporate and actively push, which may be done in various ways based on the organizational situation (Di Fabio, 2017). This result is based on the significance of business to economic expansion. There is an excellent corporate governance and risk management structure. In addition to working with social and environmental responsibility as part of routine business procedures, a context study of business connections, stakeholders, and associated concerns should be conducted to identify the most critical issues of corporate sustainability (materiality). Determine business sustainability policies (policy) to encourage sustainability implementation. Ultimately, organizations require a system to collect and store sustainability performance data that can be used to monitor and develop operational outcomes, as well as to disclose operating results and interact with stakeholders. The following section will describe a qualitative research process to initiate a sustainable business framework for community water supply businesses, which requires ongoing qualitative research to determine the causes and provide solutions that organizations can implement to a conceptual framework to organize for sustainability success.
6.1 A sustainable business framework for community water supply businesses
This section study takes a direct approach to develop a framework model based on sustainable development goals (SDG), a sustainable business model, and a value generation process that incorporates risk and governance within that framework model. By presenting an interactive qualitative analysis, this is the first conceptual framework for sustainable business innovation in community water management. This study is interested in two primary areas of study when it comes to the Sustainable Development Goals (SDGs): First of all, sustainably accessible safe drinking water and sanitation, as well as sustainable cities and communities, ensure that cities and human settlements are safe for all residents, adaptable to change, and develop sustainably. Second, proposing an appropriate foundation for a sustainable community business framework is a novel tactic to attract community water supply businesses. By the way, neither research examined all the essential components in a single workplace, nor did it look at social features, transparency, or stakeholders associated with local innovation ecosystems via an end-to-end business model. Additionally, no studies have been conducted on the link between internal management and the development of a framework for sustainable community business that meets consumer expectations for goods and services. This study tried to fill in gaps in the current community business framework by focusing on the sustainability management paradigm.
Therefore, based on the relevant literature review and previously published research, including related sustainable business frameworks, the researcher determined that several gaps still need to be addressed and have been compiled and formulated in greater detail, respectively. The researcher also presented a conceptual framework influenced by conceptual initiative models in community water supply (Sukma and Leelasantitham, 2022a; Sukma and Leelasantitham, 2022b; Sukma and Leelasantitham, 2022c; Sukma and Leelasantitham, 2022d), as shown in Figure 5 and Table 6.
[image: Figure 5]FIGURE 5 | Proposed framework: A Sustainable Business Framework for Community Water Supply Businesses.
TABLE 6 | A review of the literature for comparison and formulation.
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This research is qualitative, meaning that it analyzes the interactions between events and their surroundings in order to collect data from a multidimensional standpoint. This qualitative study examines all observation areas and evaluates the data using cause analysis skills. The researchers considered that the qualitative study design presents a transparent, verifiable, rigorous data collection and analysis procedure. Consequently, interactive qualitative analysis (IQA) was used for this study as the method incorporates collection procedures (Northcutt and McCoy, 2004). IQA is another established method for achieving credible qualitative research output. It collects a wide range of information yet is a method that can be described in detail.
Additionally, this technique supports numerous information sources, including participants in in-depth interviews, theories, and procedures, which considerably improves reliability and validity (Davis, 2019). The researchers anticipate that using a range of methodologies in this research will help eliminate these flaws, lessen internal bias, and be more suitable than other methods that rely solely on interviews and the researcher’s judgments. Interactive Qualitative Analysis (IQA) is a systematic, rigorous framework that can be audited at each step, which is crucial for qualitative data analysis as determined by the researchers. The IQA approach will demonstrate that the distinction between IQA and conventional qualitative analysis is that the researcher’s role is limited to advocating for the participant’s ability to attend activities with minimal inconvenience.
On the contrary, people originated, questioned, evaluated, and interpreted their knowledge without external motivation. In contrast, in this IQA technique, the researcher functions solely as a data collector since he or she does not lead or provide direction on every aspect of every topic. This research has demonstrated that it is an efficient method that yields dependable results and can also be validated scientifically. In addition, the IQA technique ensures that the researcher has minimal influence on the information provided by the participants, as the approach to the research process takes into account the causal connections between ideas (affinities) and leads to the steps that produce a System Influence Diagram (SID), a graphical representation of phenomena and affinities. Participants are permitted to identify subjects (affinities) based on their consensus members’ debates and shared experiences. The researchers then employ individual semi-structured interviews to clarify their content further, obtaining a comprehensive description of each similar statement that may be reduced to affinities based on the consensus of all participants.
7.1 Interactive qualitative analysis process flow
The term “Interactive Qualitative Analysis” (IQA) refers to both a tool and a procedure that is used in qualitative research design (Northcutt and McCoy, 2004). The technique helps to generate a more profound knowledge of phenomena through guided group conversations that can be explained scientifically. IQA is a method for conducting qualitative research that examines cause-and-effect links based on how well they make sense. In addition, the method of gathering data through interactive qualitative analysis (IQA) did an excellent job of exploring the significance of each topic that the group of participants brought up during their conversation, as shown in Figure 2. Flowcharts of quantitative and qualitative research methodology processes.
Firstly, creating a broad topic-based discussion group is the first step in the IQA process. In this group, participants are free to independently come up with answers to questions and debate them to find a rational, structured relationship that can help explain the origins of each concept group by comparing the rational components of each other. This process helps to find a solution to the problem at hand. Second, it was used to structure the relationship between the building factors as a system of linking influence diagrams (SIDs), which mapped out the relationship and clearly showed the link between the components to the researchers. This flow was done using the information obtained from the first step. Which of these has the most significant influence, and which has the least? Next, an interactive qualitative analysis (IQA) technique is used to define each organization’s relevance and help identify the significant challenges that have arisen due to the primary and secondary drivers. It is also helpful to know the primary drivers influencing the overall picture. It is possible to see that all of the secondary drivers are affected by the same thing and are heading in the same general direction. Third, this phase is to construct and describe the results from the developed correlation diagram (IRD) data. These data reveal the frequency of the relationships in each factor group, how much they impact each other, the direction of each factor, and how they influence each other With the help of diagrams. They know exactly how each part fits into the whole and how it works. Then The fourth step is to apply the Pareto principle (Sanders, 1987), which states that 80% of the results are caused by a variable that accounts for only 20% or that 80% of a minimal force can be achieved by 20% of the force, a principle that is also referred to as the 80/20 rule. It is known as the law of the essential few. This finding is significant, and its repercussions can be felt throughout the system. It emphasizes the peak variance and focuses on the number of frequency peaks, which in turn causes the relative distribution defined by the power law.
At the end of the IQA process, there will be a final discussion in which drivers (causes) and outcomes (effects) can be identified and discussed in more depth.
7.2 Focus groups
(Vaportzis et al., 2017) Provides a detailed analysis of a group discussion that has been arranged. In this study, beginning with 50 participants, researchers used a simple random sample procedure based on sampling ratios from 14 villages to conduct this study. At least three community water consumers are sampled in each village to participate in the IQA process, and each village must furnish at least one representative. IQA suggests a sample size between 12 and 20 (Northcutt and McCoy, 2004), and 19 individuals volunteered to participate in this study. During the subsequent 3-h session, participants were assisted in remaining focused on their communal water supply experience with visualization and relaxation techniques.
Following the warm-up exercise, participants were sent to the sharing intervention in the meeting room, where they could concentrate only on memories of community water supply utilization. The goal was to recall every detail, such as where they were used and how they were consumed every day. Individuals who ingested water were encouraged to engage in a variety of activities prior to engaging in the visualization process in order to record their subsequent thoughts and ideas. On each card, participants were told to write a word or phrase that accurately described their daily water usage. It was clear from the outset that participants did not need to worry about the appropriateness of their comments since the researcher was just interested in their honest opinions.
Additionally, participants were told that their actions would not have repercussions. There was no controversy or discussion at the time. Participants were expected to work in silence to avoid being influenced by their peers or the study group until all thoughts and ideas were put on paper. The researcher ordered the participants to put their completed cards on the wall. Each card was read aloud, and everyone in the room validated each card. The last step was inductive coding, during which participants were instructed to sort the cards into similar-meaning groups that communicated comparable thoughts and ideas. The researcher will give names to categories according to the word or phrase that best expresses each grouping of meanings, or “affinities.” This process of renaming and altering is known as “axial coding.” After all of the above steps were completed, everyone could take a break.
During relaxation time (30 min), the researcher developed an affinity relationship table (ART), which was given to the user of the community water supply when they returned to the meeting room. In addition, researchers will write and document the interaction between two affinities. As a result, community water users were forced to contemplate what brought them together. This process may be accomplished in one of three ways:
○ If A is related to and influences B, write it instead with A → B
○ If B is related to and influences A, write it instead with A ← B
○ If A is not related to and does not influence B, write it instead with X
7.3 Affinity relationship table
The Affinity Connection Table (ART) acquired from focus groups displays the relationship between affinity pairings as shown in Table 7 Affinity Frequency and Table 8 Affinity Optimal Relationship (See supplementary file), the number of frequencies of each relationship pair, and the cumulative frequencies to be utilized in the following phase to build an Inter-Relationship Diagram (IRD) (Northcutt and McCoy, 2004).
TABLE 7 | Affinity frequency
[image: Table 7]TABLE 8 | Affinity optimal relationship.
[image: Table 8]7.4 Mapping the Inter-Relationship Diagram
This level of analysis requires the creation of an Inter-Relationship Diagram (IRD) that depicts the ideal number of connections (Northcutt and McCoy, 2004). When evaluating the causal link between the differences, the driver can decide whether they are drivers or outcomes, where the driver “causes” the outcome. However, the outcome does not affect the driver. These connections are shown by arrows in the IRD table, with the direction of the arrow indicating the direction of influence. A directional arrow may only point to the left or the top.
Moreover, each link is documented twice (Through rows and columns). If the arrow points up, it is referred to as “out,” whereas if it points to the left, it is referred to as “in.” These inputs and outputs are tallied for each row and recorded in the appropriate column. The left arrow indicates “outs” (effect), As shown in Table 9.
TABLE 9 | Determining drivers and outcomes.
[image: Table 9]Besides, the initial phase of putting the focus groups through the IQA process consists of quiet brainstorming, axial/theoretical coding, and interviews with analysts and participants regarding the data (Affinity Name and Determinant). As seen in Table 10, the affinities created to lead to SIDs presenting composite mind maps that are a combination of those of analysts and users. In the SID, all drivers are shown on the left, and all results are shown on the right.
TABLE 10 | Affinity name and determinant.
[image: Table 10]7.5 System influence diagram
The Affinity Optimal Relationship Table was utilized to arrange all matched relationship values according to the number of votes or cumulative frequency of the participants. Based on what the authors said about the Pareto principle (Sanders, 1987), it is believed that 80% of the correlations between affinity pairs are believed to be representative of constructing a cluttered system influence diagram (SID), as depicted in Figures 6, 7. The Cluttered SID considers redundant links, such as the fact that everyone can share comments, easy contact, online, operational support, and always plan for improvement. Furthermore, the final uncluttered SID is depicted in Figure 6. The delta values derived from the relationship relationships in the table are ordered from highest to lowest. This process indicates that linked links are extracted as drivers and outcomes. A good association is generally regarded as a driver (Northcutt and McCoy, 2004). determined that the results are positive and negative values. Whether a group is the primary or secondary group driver depends on whether the positive delta is strong or weak and is generally significant. Other relevance and values are categorized by primary or secondary outcomes based on whether they have more extensive or lower negative values. These interactions are influenced by the drivers and serve as all-outcome influencers. However, we have considered all positive correlations to be the cause and all other correlations to be the effect. Other interest groups have been organized in the manner described previously. Based on the relationship descriptions and sparse SIDs provided by the participants, the final uncluttered SID shows all of the primary and secondary drivers and consequences. It was discovered that the primary drivers were the sustainable community water supply businesses. The secondary drivers were that everyone could share opinions, easily access operational help online, and always strive for improvement. Two secondary outcomes were the ability to track various issues and improved water user satisfaction. In the end, the primary outcomes were the quality of the water supply and “good quality of life and business support.”
[image: Figure 6]FIGURE 6 | Cluttered system influence diagram.
[image: Figure 7]FIGURE 7 | Uncluttered system influence diagram.
8 DISCUSSION
This section describes the contrast between the proposed conceptual framework and past research, as well as the theoretical, practical, and policy implications based on scientific findings.
8.1 Analyzed results
Interactive qualitative analysis (IQA) is a research design that develops a comprehensive understanding of a phenomenon through group conversations and guided debates. According to the structure of semantics, the relationship between cause and effect is investigated by comparing and contrasting elements from polarized structures. The Interactive Qualitative Analysis (IQA) data collection method investigates how semantics might be understood. The System Influence Diagram (SID) association develops a linkage and demonstrates the link between the primary influencers. This study tries to demonstrate that the conceptual framework offered in this study is consistent in various ways. IQA discovered that it is evident that affinity names as primary drivers stem from a community need for “sustainable community water supply businesses,” which prompted the research question, “What factors should community water supply businesses have for sustainable business operations?” The percentage of cumulative (frequency) and power indicators have been shown to correlate with [7].
The sustainable community water supply business with the two criteria mentioned above is present. The sustainable community water supply business will require four supplementary drivers: [3] Everyone can share comments or the ability for everyone to contribute their opinions; and [2] Easy contact or simple communication. Two more supporting elements are required: [5] online support or operational assistance; and [1] always plan for continuous improvement or expansion. Given these points, this section has a high degree of coherence with the conceptual framework of social networks and stakeholders. For example, they are essential contextual elements that handle inputs; corporate activities, and processes that must be performed, such as research and continuous improvement; and operations management and tracking, among others. The most significant conclusion of this study was the primary outcome, which was determined by analyzing the IQA data and using an analysis method. Scientific analysis has demonstrated conclusively that the IQA approach will produce the essential outcomes of water supply quality, high quality of life, and business assistance. This process is further evidence to support the conceptual framework proposed in this paper, which explains practical cooperation in output, service quality, and corporate social responsibility. It also illustrates the relationship of the conceptual framework, which is pertinent and supports the suitability of the entire process by merging the risk management and sustainable development goals (SDG) with the associated Sustainable Business framework. To investigate and offer an SDG framework for sustainable community business as a model for any community business that, in the present day, must consider sustainable business practices. In addition, it means that any business in a community must consider environmental and social sustainability as a crucial part of how it does sustainable business.
8.2 Comparison between a proposed conceptual framework and prior work
This paper proposes a novel Sustainable Business Framework for Community Water Supply Companies suitable for local community businesses. It also presents specific research on community water supply companies, which have never been the subject of a comprehensive study. Additionally, this conceptual framework combines all the necessary factors and processes to combine with the innovation of the traditional business model or sustainable business model (Todeschini et al., 2017; Yang et al., 2017; Franceschelli et al., 2018; Yip and Bocken, 2018), that is, transparency, technology, agent of change, risk, product and service management, and organizational management, in a single framework. Therefore, this framework aligns with the actual community requirements using quantitative and qualitative research methodologies. This conceptual framework upholds the Sustainable Development Goals (SDGs) of the United Nations through experimenting with business models, and sustainable business models (SBMs) have a goal to study along with (Morioka et al., 2017; Geissdoerfer et al., 2018; Abhayawansa et al., 2021). The result of this article provides a new perspective by focusing intently on community business. Because microenterprises represent the most significant business segment in developing nations, they differ from industrialized nations, which concentrate on more significant business segments. Thus, this conceptual framework captures the triple keys of business: value creation, value capture, and value proposition study (Baldassarre et al., 2017; Weissbrod and Bocken, 2017; Abhayawansa et al., 2021), but this article proposes a method that maintains all three throughout the process cycle and Risk Governance and Control that similar to (Adams, 2017; Lüdeke-Freund, 2020; Abhayawansa et al., 2021; Ullah et al., 2021; Vagin et al., 2022) in order to create a sustainable organization. Given these points, this study concludes with a new conceptual framework incorporating four original research papers based on the original conceptual model (Sukma and Leelasantitham, 2022a; Sukma and Leelasantitham, 2022b; Sukma and Leelasantitham, 2022c; Sukma and Leelasantitham, 2022d). They are conducting research based on the community water supply industry, which enhances this conceptual framework. In summary, this Sustainable Business Framework for Community Water Supply Businesses presents how a business can do and improve customer satisfaction. While developing long-term partnerships with others and minimizing the environmental impact, two other elements, practical corporate governance in the firm and the promotion of social responsibility awareness, reinforce these factors.
8.3 Theoretical implications
This study combines two frameworks (the PPT framework and TOE framework) and Expectation Confirmation Theory (ECT) to develop a conceptual model and a conceptual framework that meets current needs without causing problems in the future. It is a development that must be connected and related by considering the three elements, economic, society, and environment.
This research takes on a new significance by stressing the practical meaning of people (PP) instead of merely the workforce. Organizations must select essential individuals with the appropriate skills, experience, and disposition for the task. In addition, people-to-people (PP) communication is essential to an organization’s success while integrating new procedures or technologies. However, people’s (PP) relationships with stakeholders and obtaining their buy-in are crucial for establishing traction and persuading people to believe in and adopt the solution. Using the Sustainable Business Framework for Community Water Supply as a basis, this article investigates and describes the essential idea of the process (PC). Businesses demonstrate how they can increase customer happiness while fostering long-term partnerships. Then go to sustainable organizations.
Moreover, technology (TE) has highlighted social networks as a modern technological use case that improves people’s daily patience. The technology-organization-environment framework, also known as the TOE framework (Soja and Soja, 2017), explains technology adoption in organizations and describes how technology influences the adoption and implementation of technological innovations. Because business activities that adhere to sustainable development principles do not raise the organization’s burden, in addition to helping employees, the organization must also consider the working environment to foster the long-term growth of a business that is compatible with a sustainable society.
Additionally, businesses must strike a balance between people (PP), processes (PC), technology (TE), and the environment (EN). This finding is a crucial element of the PPT structure. In addition, understanding how they interact can help firms enhance operational efficiency and resource use, which are prerequisites to achieving sustainability. Our study revised and preserved the original Expectation Confirmation Theory (ECT) (Oliver, 1993). It attempts to predict the short-term interest rates that people (PP), processes (PC), technology (TE), and the environment (EN) will have in perceived usefulness (PU), expectations (ET), satisfaction (SA), and continuity intention (CI) in the future, based on a long-term plan that not only promotes the organization’s growth and advancement but also incorporates concern for society and the environment. To achieve sustainable growth, organizations must examine several essential characteristics. In addition, companies seeking long-term sustainability may not perceive a clear long-term company image if these factors are overlooked.
In summary, this study is an excellent example of combining quantitative and qualitative research with advanced and complex research procedures. Structural equation modeling (SEM) employs the partial least squares (PLS) path modeling approach to estimate conceptual models with data by employing PLS-SEM and sum score regression methods that begin with creating a conceptual model. When researchers discovered that H3 and H11 had been rejected from the process (PC), which affected expectations (ET) and perceived usefulness (PU), respectively, researchers continued their research with qualitative research, followed by double research with a conceptual framework via Interactive Qualitative Analysis (IQA) (Northcutt and McCoy, 2004). IQA is a qualitative research technique that generates a greater understanding of phenomena through guided group discussions that may be scientifically explained to discover the truth about occurrences and the current environment. It explores the interaction between events and the surrounding environment to acquire insight into the big picture from several dimensions or viewpoints. This research resulted in more credible findings when presenting the Sustainable Business Framework for Community Water Supply Businesses through a sequential and recognized scientific method.
8.4 Practical implications
This study examined and incorporated sustainability indicators following the United Nations Sustainable Development Goals (UN SDGs) and the Corporate Strategic Plan, which specifies the direction of sustainable business operations towards a community business (Sachs et al., 2022). It works sustainably with community engagement and develops a framework for defining maps that may be expanded for economic, social, and environmental planning. Operating a business presents numerous obstacles. Therefore, businesses must continuously adapt and evolve to survive and grow gradually and sustainably. Consequently, the organization’s development towards sustainability is an “essential topic” that every firm must integrate and push in a manner that varies depending on the organizational setting. The underlying idea of this issue is the importance of business to economic expansion. There is an excellent system of corporate governance and risk management. In addition to functioning with social and environmental responsibility as an integral aspect of corporate operations, which can be separated by the group as follows:
First, Practices of Corporate Governance. This study has contributed to the development of an emphasis on business expansion. It proposes taking risk management into account when developing a new business ecosystem (Abhayawansa et al., 2021). It is advised to adhere to the principles of good corporate governance, such as promoting and pushing for an anti-corruption culture. Good corporate governance across the enterprise It is also suggested that the policy on business care and anticorruption policy in the Employee Handbook and Supplier Code of Conduct and Guidelines organize activities to promote knowledge and understanding of governance and corporate governance as defined by (Woods and Narlikar, 2001), such as public relations, training, and corporate governance self-assessment. It was developing a plan or framework for sustainable business development. A company should prepare a long-term sustainability action plan or road map to determine how it will address critical corporate sustainability concerns. Under the framework of sustainable development, this should be consistent with our company’s policies and objectives for sustainability. The formulation of a sustainability action plan depends on the program’s objectives. However, businesses are typically determined by fundamental considerations such as compliance with the sustainability framework and business sustainability objectives (DaSilva and Trkman, 2014). In establishing sustainability plans, addressing the most crucial sustainability concerns generates advantages or demonstrable changes in the company’s value. Businesses must establish time limits, operational norms, and transparent indicators. This paper can demonstrate performance in terms of both output and outcome, allowing individuals responsible for implementing sustainability action plans to have a clear framework and determine the value they offer to the business.
Second, Commitment to Sustainable and Long-Term Stakeholders: This study has aided in developing strategies and plans based on consideration of all stakeholders, including customers, communities, and partners’ control (Hein et al., 2017). Business expansion initiatives should be designed as inclusive endeavors and consider the opinions of all stakeholders. The store and grow the business’s use of technology to improve the ease of shopping and service customers, as well as address corporate governance, environmental, and social concerns in the procurement screening process. Incorporate technology into the screening, hiring, and bidding processes while considering risk management (Vagin et al., 2022). This research identifies the organizational environment so that community enterprises can drive sustainable development by integrating it into standard business procedures. Businesses must first and foremost comprehend the organization’s context or “identity,” which they can learn from the corporation’s goal, mission, corporate culture, value chain, and business strategy. Threats and opportunities in business, as well as the industry’s direction and trend, will aid the organization in fully understanding its context (Ullah et al., 2021). This finding results in stakeholder analysis and sustainability challenges organizations should prioritize and manage effectively. To assist the company in achieving robust long-term growth. Identification and evaluation of constituents. The business should be able to assess both the sound and adverse effects that stakeholders have on the business and the business has on the stakeholders. Besides, Demonstrate the business relationship with its stakeholders. Who was responsible, and who was affected? What are the positive or negative repercussions, and what areas are addressed? Companies should take measures to maximize their good influence and decrease their negative impact. To preserve competitiveness and cultivate the potential for long-term corporate expansion.
Lastly, when corporations emphasize sustainability concerns, businesses can choose the proper management approach for each issue by analyzing the critical corporate sustainability concerns (Bocken et al., 2019). Sustainability concerns are crucial to determine the organization’s direction, strategies, and business development guidelines in accordance with the context and stakeholder expectations. This paper will result in sustainable growth. However, as the organizational or stakeholder context evolves, the sustainability concerns faced by firms may vary or move in priority. Therefore, organizations should regularly analyze and evaluate significant sustainability concerns to ensure that they are consistent and relevant to the ever-changing business environment.
8.5 Policy implications
This research consists of qualitative and quantitative components. The purpose is to synthesize policy implications, thereby facilitating the organization’s push toward business sustainability. Additionally, policies and goals at the organizational level must originate from the board of directors or top management to demonstrate to stakeholders that the firm has a set of guiding principles, vision, mission, and objectives for conducting business. This research finding helps foster the understanding and participation of stakeholders, particularly employees within the business, to align their thoughts and activities with the organization’s sustainability policies and objectives. As a result of this research, the following findings can be used at the policy level:
First, this study promotes sustainable financial and company management practices that benefit society and the environment. Significantly, this research demonstrates that community-based firms must consider socially responsible business practices and should boost their attention to delivering added value for their users. The ESG Framework applies to all corporate levels and should adopt Responsible Finance concepts encompassing Green Finance and Sustainable Financial Management. This policy will make it easier to design and develop services and products and manage the organization’s financial and investment resources to benefit customers, society, and the environment as much as possible
Secondly, policies should balance social and environmental values. This study has demonstrated the importance of creating social and environmental value. It is a framework for development that adheres to the concepts of the Environment, Social, and Governance Framework (ESG Framework) and the Sustainable Business Framework. Sustainability requires comprehensive social and environmental management. In addition to enterprise-wide risk management (ERM), every firm must construct a responsible structure and formulate policies to develop socially and ecologically conscious operational processes and services. The promotion system Monitor and reports on measurable success. The structures and systems outlined in this document must be consistent and fully compliant with established international standards, including labor practices. Human Rights Management makes it easier for people to get involved, help their communities grow, and understand how social and environmental risks affect the present and future health of society and the environment.
Lastly, the Sustainable Business Development Policy for Good Corporate Governance This study demonstrates that effective corporate governance is essential. It is one of the three guiding concepts of the ESG Framework and its approach to corporate development toward sustainability on a local and global scale. For a firm to continue to expand over time, it must be built on the health of the economic, social, and environmental sectors. The long-term path of the business must be determined by the organization’s effective corporate governance and the top executives, who must accept and adopt the firm’s balanced development goals—creating an environment to foster a company culture centered on sustainable development. Determination of products, services, and operational procedures that consider economic, social, and environmental benefits, including improving participation tracking systems. Evaluate the results and write a report on them to ensure that the business is in line with both local and international frameworks for sustainable business.
To conclude, the analysis of the policy implications for each stakeholder and the approach for sustainability management is shown in Table 11 below.
TABLE 11 | The policy implications analysis correlates with the IQA results.
[image: Table 11]9 LIMITATIONS AND FURTHER DIRECTIONS
This study examines the SDG framework for sustainable community business by employing IQA in a community water supply business. During the COVID-19 epidemic, most of this study was conducted remotely by volunteers from each town. Therefore, researchers cannot independently inspect the study site to conduct the entire research procedure. Future research may include an application for evaluation using real-world conditions and comparing before and after using the applicable testing instruments based on this conceptual framework. Also, this study employs a simple random sample technique and focuses on a small group of participants who know community water provision. Therefore, additional research is required to broaden the scope of future studies by recruiting participants from other places or surveying a more significant sample of urban water consumers to provide more reliable results.
Additionally, the research area for future studies should be as expansive as possible, which can be achieved by conducting quantitative and qualitative research in various study zones. In addition, the IQA technique utilized in this investigation was selected based on the study’s objectives and the findings of relevant literature reviews. The following experimental instruments must be created and tested for accuracy to transform this study into a relevant guideline.
10 CONCLUSION
This research begins by emphasizing the practical importance of the PPT and TOE frameworks. Organizations must hire individuals with the necessary skills, experience, and disposition. Communication is essential to the success of an organization when integrating new procedures or technologies. Relationships with stakeholders and gaining support are essential to gaining traction and convincing people to adopt the proposed solution. This article describes the Sustainable Business Framework for the Community Water Supply Framework for Businesses to improve customer satisfaction and foster long-term relationships. In terms of technology, social networks are an application of contemporary technology that improves daily patience, similar to (Işık, 2013; Isik et al., 2021). Also, The Technology-Organization-Environment (TOE) framework explains how technological, organizational, and environmental contexts influence technology adoption in organizations. Because sustainable business practices do not burden the company, along with helping employees, the organization must also consider the working environment to be sustainable in the long run.
Further, To realize the aim of sustainable development, each organization must endeavor to improve its capability and long-term operations through sustainable development policies. Sustainable value chain management is the management of the consequences of the environment. It promotes natural protection by forming policies and strategies at the organizational level, such as sustainable human resource development as the primary driving factor. Also, the company should be able to manage and control the risks associated with the business, given that the environment is constantly changing. It allows for the possibility of an unclear circumstance. However, circumstances are ever-changing. Their widely acclaimed work (Işık et al., 2020) discuss making the emergence of uncertain conditions feasible. Consequently, which risk management and risk control approach should be selected and which appropriate risk management and control activities should be implemented, assuming that the selected approach and organized activities are capable of managing risks to the extent that the risk level does not impact business operations. It will stay so until the level of risk can be decreased to the point where it has no impact on business operations.
Besides, Two more strategies should be added, like encouraging strong corporate governance, building a culture of responsible business practices, and promoting and supporting sustainable development as part of the organization’s activities. In addition, this study contributed to the conceptual framework influenced by conceptual models in the community water supply to formulate customer, community, and partner strategies and plans. Businesses that are expanding should be inclusive. From the perspective of all stakeholders, in addition to addressing corporate governance, environmental, and social concerns in procurement screening, the store and businesses will use technology to improve shopping and customer service. Utilize technology to manage risk management, screening, hiring, and bidding. This study identifies the organizational environment necessary for community-based businesses to incorporate sustainable development into their business practices. The “identity” of a business can be deduced from its objective, mission, corporate culture, value chain, and business strategy. Threats, opportunities, and the direction and trends of the industry will help the organization understand its context. Organizations are required to prioritize and manage stakeholder analysis and sustainability issues. To assist the company’s long-term expansion and constituent evaluation, a company must be able to evaluate its stakeholders’ positive and negative effects. Display the company’s stakeholder relationships. Companies should maximize their positive impact, minimize their negative impact, preserve competitiveness, and foster sustainable growth. Companies can choose the appropriate management approach when prioritizing sustainability by analyzing critical corporate sustainability concerns. Lastly, Organizations should regularly look at their main sustainability concerns to ensure they are consistent and crucial in the ever-changing business world.
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As one of the key links of agricultural green sustainable development, it is an effective path to popularize green production technology and promote farmers’ adoption of green production technology by using cooperatives as an organizational vehicle. Based on the survey of 314 apple farmers in Shaanxi and Gansu provinces, the degree of adoption of green production technology was measured by the coefficient of variation method. At the same time, in view of the selection bias of farmers’ participation in cooperatives, the propensity score matching method was used to evaluate the influence of farmers’ participation in cooperatives on the adoption of green production techniques. The results showed that participation in cooperatives increases the probability of farmers adopting green production techniques from 25.29% to 30.29%, indicating that cooperatives increase the degree to which farmers adopt green production techniques. In addition, increased cognition of green production, which increases the price and net profit of products sold and reduces expectations of green production risks, is the primary channel through which cooperatives lead farmers to adopt green production technologies. Participation in cooperatives, though, increased input costs for apple production. In order to strengthen the active role of cooperatives in the popularization of green production technologies, more support should be given to cooperatives, and emphasis should be placed on strengthening their institutional development so that they can be standardized and developed at a high quality.
Keywords: cooperatives, green production technology, technology adoption, propensity score matching, sustainable development, China
1 INTRODUCTION
Agricultural practices are one of the most significant contributors to global greenhouse gases and are the second largest carbon source after electricity and heat production (Solomon et al., 2007; Haller, 2022). Overuse of fertilizers and pesticides, as well as inefficient field crop management, has already resulted in a slew of environmental pollution issues, including surface and groundwater pollution, soil slab acidification, and soil erosion, all of which pose a significant threat to sustainable agricultural development (Zhang et al., 2017; Tang and Zhou, 2018). Without harmonious ecological and economic development, economic growth will not be sustainable and may even lead to the decline of ecosystems (Zhang et al., 2022).
The adoption and extent of green production technologies by smallholder farmers, who are the core participants in the agricultural production chain, will be one of the key factors affecting the sustainable development of agriculture (Liu et al., 2020). In this regard, the Chinese government has set subsidies and penalties to expand the adoption of green production technologies, for example, encouraging soil testing and fertilizer application or replacing chemical fertilizers with organic fertilizers (Zhang et al., 2016; Cui et al., 2018). However, practice shows that green and high-quality agricultural development has long faced difficulties in the widespread adoption of green production technologies among smallholder farmers (Chu et al., 2012; Luo et al., 2013; Geng et al.). There are three main reasons for this situation: first, the mechanism for promoting new technologies at the grassroots level in China is not yet sound, and publicity is insufficient (Mao et al., 2021); Second, Chinese farmers’ awareness of ecological conservation is still weak, and they have not yet shaken off their reliance on traditional production methods (Huang et al., 2018; Chèze et al., 2020); Third, due to their high technological content, green production technologies are also relatively difficult to learn and use, and their input costs are relatively high, ultimately leading to high transaction costs and business risks for farmers to adopt green production technologies (Zhao and Cai, 2012; Luo et al., 2013). Therefore, exploring the drivers of green production technology adoption among farmers has become a popular topic in the academic community. However, in exploring the drivers of the adoption of green production technologies by farmers, scholars have mainly focused on government environmental regulations and financial subsidies (Gao, 2013; Chatzimichael et al., 2014); household resource endowments such as household capital, labor, land, social networks and information networks (Zhang et al., 2013; Geng et al., 2017); market demand, market price, and market risk (Guo et al., 2007; Geng et al., 2017; Wang et al., 2018); farmers’ perceptions of ecological environment and green production (Guo and Zhao, 2017; Tong and Liu, 2017; Liu and Zhou, 2018); and farmers’ information access status (Carter et al., 2014; Genius et al., 2014; Zhang et al., 2019), among other areas.
Cooperatives offer new solutions for the development of green agriculture by promoting green production technologies and regulating green production and product supply. Although some scholars have demonstrated through experience the positive contribution of membership in cooperatives to the promotion of green production technologies such as organic fertilizer application, soil test formulation fertilization, and integrated pest management (Abebaw and Haile, 2013; Wu et al., 2016; Wossen et al., 2017; Zhang and Liu, 2020; Wan and Cai, 2021). However, mechanisms for cooperatives to promote the adoption of green production technologies by farmers have not been adequately discussed in academia. Most of the explanations given by some scholars are that when farmers join cooperatives, they have more effective access to information about new technologies, which improves their cognitive abilities and thus effectively promotes the adoption of green production technologies (Odoemenem and Obinne, 2010; Feng and Huo, 2016). It has also been argued that the channels through which cooperatives channel farmers’ passive application of soil-measuring fertilizer application technology through standardized production systems are more important than the channels through which information is transmitted through technical training (Wan and Cai, 2021).
In summary, when analyzing the mechanism, most studies focus on risk, information, and other factors perspectives, arguing that the technical information provided by cooperatives can enhance farmers’ perceptions and thus lead to their adoption of green production technologies. However, previous literature has overlooked an important issue: farmers’ adoption of green production technologies is based on their factor endowments, a combination of expected production benefits and risks. We argue that the key for cooperatives to guide farmers to adopt green production technologies is to achieve a Pareto improvement in the adoption costs and benefits. Otherwise, even if farmers have a high level of cognitive and no barriers to information access, the probability of farmers adopting new technologies will not significantly increase. Therefore, based on household surveys of 314 apple farmers in Baishui County, Shaanxi Province, and Qingcheng County, Gansu Province, we use the PSM to assess apple farmers’ participation in cooperatives and their adoption effects of green production technologies. The contributions and innovations of this paper are: First, it expands the mechanism of cooperatives to promote farmers’ adoption of green production technologies. We focus on cooperatives through information transmission channels and innovatively add a “cost-benefit” perspective. We consider how cooperatives can induce farmers to adopt green production technologies through the cognitive level, risk expectations, product premium, input cost, and net income. Second, considering the selection bias, this study uses the PSM method to explore the quantitative impact of cooperative membership on farmers’ adoption of green production technologies and uses different matching methods and sensitivity analysis to test the robustness of the PSM estimates.
2 THEORETICAL ANALYSIS AND RESEARCH HYPOTHESIS
From the perspective of a rational economic person, the ultimate goal of farmers joining cooperatives is to obtain agricultural social services to improve their livelihoods and increase their earnings rather than to contribute to environmental sustainability. Therefore, profit is their primary motivation for allocating factors of production. The more economic benefits generated by technology adoption and the fewer costs they have to pay, the higher the level of adoption of the technology by farmers (Geng et al., 2017). Based on this logic, through literature review and theoretical summary, we argue that cooperatives can increase farmers’ adoption of green production technologies by influencing their level of cognitive, risk expectations, product premiums, input costs, and net incomes (see Figure 1).
[image: Figure 1]FIGURE 1 | Mechanisms for participating cooperatives to influence the adoption of green production technologies by farmers.
Firstly, Participation in cooperatives can help farmers obtain quality certification and raise market prices. Since entering the 21st century, food safety has become the focus of social concern. People have higher nutritional, health, and safety requirements for food and are willing to pay higher prices for green products (Quan and Zeng, 2014). Excess profits from these market premiums drive farmers’ adoption of green production technologies (Li et al., 2021). Cooperatives improve the quality of green agricultural products by educating farmers on standardized production, accurate prevention, and control of agricultural risks (Ma and Huo, 2019). In addition, participation in cooperatives increases farmers’ acceptance of green production technologies by helping them to obtain certification of green product quality, increasing product recognition, and increasing the price advantage of green products produced by small farmers participating in cooperatives (Chen et al., 2021). On this basis, hypothesis H1 is proposed.
H1: If farmers participate in cooperatives to increase the market price of green products by improving product quality and increasing market recognition of their products, then they will increase their use of green production techniques.
Secondly, Participation in cooperatives reduces farmers’ information constraints and helps to increase their cognition of green production techniques. Access to and understanding green technology information are critical to farmers’ technology adoption decisions. Lack of cognition leads to the misallocation of resources and adoption risks, severely constraining farmers’ technology adoption behavior (Huang et al., 2008; Tang and Zhou, 2018). Information flows can improve farmers’ understanding and mastery of technical information and facilitate the adoption of new technologies (Huang et al., 2008). Farmers’ ability and level of access to information directly affect the distribution of resources available to them and, ultimately, the adoption of green production technologies by farmers (Tang and Zhou, 2018). Cooperatives provide a wide range of information sharing, technical training, policy explanation, and educational and training services. Participation in cooperatives can break the traditional communication patterns of networks of acquaintances, ease information constraints, improve farmers’ cognitive level and practice of green production technologies, and promote their adoption (Zhao and Cai, 2012; Du et al., 2014; Zheng et al., 2018; Ren and Hussain, 2022). Based on this, this paper proposes hypothesis H2.
H2: If participation in a cooperative, the technical training, and education provided by the cooperative can alleviate the information constraints of apple growers and increase their level of cognition of green production techniques, then the level of adoption of green production techniques by farmers will increase.
Thirdly, participation in cooperatives can reduce the cost of raising apples for apple farmers and improve overall profitability. In particular, the adoption of green production technologies requires a certain level of funding. However, high costs often act as a deterrent to farmers with weak resource endowments, small-scale operations, and fragmentation (Cai J., 2013). By joining cooperatives, the marginal costs of adopting green production technologies are greatly reduced. Cooperatives reduce procurement costs through collective action. Cooperatives can take advantage of collective procurement to increase the bargaining power of farmers, enabling them to purchase or lease needed means of production and technical equipment at lower prices and avoiding cost overflow from “seller’s markets” (Liu et al., 2021). Individual farmers are prone to additional costs due to their limited cognitive abilities and lack of judgement on the application of green technologies and the mix of factors of production; however, through the organization of technical training, cooperatives can partly compensate for farmers’ deficiency of capacity, help to improve efficiency in the use of technical equipment, regulate the use and frequency of pesticides and fertilizers, and avoid waste of resources and lower yields due to ineffective inputs. It also helps to regulate the dose and frequency of pesticide and fertilizer inputs and avoid waste of resources and reduction in yields due to ineffective inputs (Cai R., 2013; Ma and Abdulai, 2016; Mojo et al., 2017; Wan and Cai, 2021). This can effectively reduce the cost of adopting green production technology and make farmers gain considerable economic benefits, thus enhancing the adoption of green production technology by farmers. On this basis, hypothesis H3 is proposed.
H3: If participation in cooperatives, collective action by cooperatives, and technical training help to reduce the input costs of apple farmers and increase overall returns, then farmers’ adoption of green production technologies will increase.
Fourthly, participation in cooperatives helps to reduce farmers’ risk expectations of adopting green production technologies. Smallholder survival theory suggests that farmers are often “risk-averse” and that production risks are the most important factor in their decision to adopt green production technologies (Wang and Liu, 1996). The social services provided by cooperatives, such as agricultural supply, technical training and product marketing, not only reduce adoption costs and increase returns, but also, and most importantly, help farmers reduce their risk expectations green production and increase confidence in the application of new technologies (Cai, 2012). In addition, depending on the nature of the cooperative, residual distributions based on shares and transactions also provide surplus claims for cooperative members, reducing farmers’ risk expectations for adopting green production technologies. Thus, farmers’ adoption of green production technology has been improved. On this basis, hypothesis H4 is proposed.
H4: If participation in cooperatives and the social services provided help reduce farmers’ risk expectations of green production, then farmers will adopt green production technologies.
Based on the above analysis, cooperatives can improve farmers’ acceptance of green production technologies by raising product prices, raising cognitive, reducing input costs to increase net incomes, and reducing expectations of green production risks. On this basis, hypothesis H5 is presented.
H5: If apple farmers join cooperatives, their adoption of green production techniques will increase.
3 DATA SOURCES, RESEARCH METHODS, AND VARIABLE SELECTION
3.1 Data sources
The data in this study are mainly from the apple production and cultivation study conducted by the research group in Baishui County, Shaanxi Province, and Qingcheng County, Gansu Province, from November 2020 to October 2021. Specifically, in November 2020, the team traveled to Baishui County, Shaanxi Province, to study annual data for apple growers for 2018 and 2019. The 2019 and 2020 annual data for apple growers apple surveyed in October 2021 in Qingcheng County, Gansu Province, using the same questionnaire format as the Baishui County survey. To ensure consistency and reduce annual interference with empirical results, we have aggregated 2019 data from both locations. We used 314 cross-sectional data of apple farmers from the two places in 2019 to complete the study of this paper. The team chose Shaanxi and Gansu as the study area because, according to the distribution of apple cultivation in the country, the dominant area of the Loess Plateau in Shaanxi and Gansu in 2021 was 1,220,280 ha, accounting for 58.44% of the country’s apple planting area. Among them, Shaanxi and Gansu provinces are China’s first and fifth largest apple growers. The research area of Baishui county and Qingcheng county in Shaanxi and Gansu province can objectively and genuinely reflect the production situation of apple growers in China. The team sampled using a combination of stratified and random sampling methods and random sampling. Specifically, there are seven townships in Baishui County and nine in Qingcheng County, each of which we numbered and randomly sampled using computers. By layered random sampling, the team selected three townships in Qingcheng County, Xuanma, and Yima, and three in Baishui County, namely, Leiya Shiguan and Yaohe. Villages in each commune are then numbered uniformly, and 2–3 administrative villages are randomly selected. Whether we chose two or three villages depended on how many households would participate in the second village. If the number was insufficient, a third village was selected. In the second step, we compiled a complete list of all the apple growers. Finally, 10–20 apple farmers in each of the villages.
In order to understand the current situation of apple farming households in the main production area, the research team designed a targeted questionnaire. The questionnaire consists mainly of household information (demographic structure, level of education, age structure, etc.), land production and management, household income and consumption structure, household livelihood capital, awareness and application of low-carbon technologies, participation in cooperatives, etc. 412 questionnaires were sent out in 2020 and 2021. We screen the questionnaire according to the following four criteria: 1) elimination of participants in empty-nest cooperatives and sham cooperatives; 2) elimination of samples with significant data deficits that did not reach 60% of the questionnaire questions; 3) elimination of samples with inconsistent information; and 4) elimination of samples with zero apple business area. Three hundred fourteen active samples were eventually obtained with a sample recovery rate of 76.21%. Based on the collected samples, the household characteristics and production and planting properties of sample farmers are described in this paper (Table 1).
TABLE 1 | Description of the basic statistical characteristics of the sample apple farmers.
[image: Table 1]As shown in Table 1, 55.55% of apple-growing households in the sample area had an annual income of less than 10,000 dollars, and 38.22% of households had apple income accounting for more than 60% of household income. The number of household laborers was mainly 3–4, with 61.78% of households having more than 60% agricultural laborers, indicating that the main livelihood and income of homes in the sample area came from apple farming. The degree of land fragmentation is the inverse of the total household land area ratio to the number of plots. A higher value means a higher degree of fragmentation, with the degree of land fragmentation of the sample farmers concentrated between 0 and 0.5. The present value of household production materials was generally lower than 2000 dollars. The average years of education of the sample apple growers were mainly 5–10 years, and 11.78% of the households had village cadres. The difficulty of bank borrowing refers to the difficulty for families to obtain bank credit of 7,000 dollars, which we measured on a Likert scale of 1–5, with higher values representing more incredible difficulty. 32.80% of the sample households had greater difficulty in bank borrowing than 3. The number of relatives and friends in the sample households mainly ranged from 10 to 20. The number of household living materials is mainly concentrated between 5 and 10, household gift expenses are mainly between 0 and 500 dollars, and communication expenses are mainly between 200 and 300 dollars. The proportion of the sample apple farmers who joined farmers’ professional cooperatives was 30.89%, and the proportion of households who participated in agricultural technology training 1–3 times was 55.10%.
3.2 Research methodology
In reality, however, apple farmers are not randomly assigned to the cooperative participation group (treatment group) and the non-cooperative participation group (control group). Still, they are “self-selected” by several observable factors, such as household characteristics and livelihood capital. In this case, failure to deal with the “self-selection” problem will lead to sample selection bias and, thus, biased parameter estimates. The propensity score matching (PSM) method is often used to create a control group of comparable states to address the sample selection bias caused by observable factors (Ragasa et al., 2018; Soullier and Moustier, 2018; Li et al., 2020). The specific steps are as follows:
To assess the impact of participating cooperatives on adopting green production technologies by apple growers, we first construct a general model of green production technology adoption by apple growers.
[image: image]
In the equation, [image: image] is the dependent variable, which measures the degree of adoption of green production technology by apple growers, and [image: image] characterizes whether farmers join cooperatives. [image: image] takes the value of 0 or 1; [image: image] = 0 means farmers do not join cooperatives, and [image: image] = 1 means farmers join cooperatives. Then [image: image] measures the size of the effect of farmers’ participation in cooperatives on their degree of adoption of green production technology; [image: image] is the control variable and [image: image] is the coefficient of influence of the control variable; [image: image] is the constant term; [image: image] is the random interference term.
Then, to create such a control group, PSM calculated a propensity score or probability of apple grower participation in the cooperative based on each farmer’s pretreatment covariates and then matched participants with non-participants based on the predicted propensity score to obtain treatment and control groups that converged to a comparable balanced state (Rosenbaum and Rubin, 1983). It can be seen that the propensity matching score for apple grower participation in cooperatives is the probability of apple grower participation in cooperatives under the given conditions. Propensity matching scores are usually estimated using Logit or Probit models to match the treatment and control farmers (Li et al., 2020; Wan and Cai, 2021). In this paper, a logit model is chosen to estimate the propensity matching scores of apple growers to participate in farmers’ cooperatives.
[image: image]
In the equation, [image: image] is the propensity matching score or probability of apple growers participating in the cooperative, and [image: image] is the covariates. For selecting covariates, the conditional independence assumption (CIA) is the critical assumption of PSM, which requires that participants’ conditional expectations under the covariate ([image: image]) are equal to the expectations of non-participants. All possible control variables were considered to ensure that the CIA was not violated, including characteristics of households and household heads and other covariates that might affect both cooperative participation and green technology adoption.
After calculating the propensity matching score, the appropriate matching method must be selected to match participants and non-participants. Nearest neighbor matching (NNM), kernel matching (KM), and radius matching (RM) are commonly used to assess the impact of program participation (Ragasa et al., 2018; Soullier and Moustier, 2018). Nearest neighbor matching matches participants and non-participants using the closest propensity score. Kernel matching matches participants and non-participants using a kernel function that reflects the degree of similarity of the covariates. Radius matching matches participants only to non-participants whose propensity scores fall within the participant’s predefined neighborhood (Becker and Ichino, 2002). To ensure the robustness of the estimation results, we use all three methods in this paper.
The average treatment effect (ATE) of program participation when no matching is:
[image: image]
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Where [image: image] is the average treatment effect (ATT) of green production technology adoption in the treatment group, measures the impact of participating cooperatives on green technology adoption by apple growers; [image: image] is the selectivity bias, which implies [image: image] when matching is complete. At this point, ATE = ATT.
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The key assumption the PSM approach is that participants’ decisions depend only on observable factors. However, there may be factors swaying farmer participation that are not observed. Sensitivity analysis is needed to test the susceptibility of PSM’s estimated average therapeutic outcome (ATT) to unobserved factors. Therefore, using existing literature, we used Rosenbaum’s bounds analysis to test the sensitivity of treatment outcomes to unobservable objects (Rosenbaum and Rubin, 1983; Li et al., 2020; Ren et al., 2021).
3.3 Variable selection and descriptive statistics
3.1.1 Outcome variable
Degree to which apple growers adopting green production technologies, as defined in the “Technical Guidelines to Green Agricultural Development (2018–2030) issued by the Ministry of Agriculture and Rural China,” is:“ Green production technologies include cropland quality improvement and conservation technology, agricultural water-saving and rain-fed dry-farming technologies, fertilizer and pesticide application technologies, agricultural waste recycling technologies,...and herbivorous green and efficient production technologies.” According to the characteristics of apple production, five green production techniques were selected: organic fertilizer application technology, soil measuring formula fertilization technology, drip irrigation sprinkler irrigation technology, pest control technology, water fertilizer integration technology (Huang et al., 2018; Yang, 2018; Geng et al., 2016.). However, due to the limited the applicability of green production sub-technologies in different regions, estimates of the same weighting can lead to biased results. Based on the economic benefits, resource benefits and environmental benefits of green production technology, the weight coefficients of five sub-technologies are calculated by using the coefficient of variation method. We measure the weighted average of these five technologies to measure the extent to which apple growers adopted green production techniques (whether or not green production secondary techniques were used was a binary variable, using = 1; not = 0).
The coefficient of variation method is an objective weighting method based on statistical approaches that use the information in each hand to calculate the degree of variation of each indicator in the system and then assign weights. Samples with more significant variation are assigned more important weights; conversely, smaller weights are assigned (Li et al., 2020). Statistically, there are also objective assignment methods such as principal component analysis, factor analysis, and Amal KantiRary assignment method. We chose the coefficient of variation method because it is simple to operate and can effectively distinguish between individual indicators. Secondly, the amount of variance information of the indicators is measured by the variance, but due to the influence of the scale and order of magnitude of each indicator, the variance of each indicator is not comparable, and it is more appropriate to choose a comparable coefficient of variation (Chen, 1995).
Firstly, we measure the mean ([image: image]) and standard deviation ([image: image]) of each green production sub-technology and economic, resource, and environmental benefits separately, and then the coefficient of variation ([image: image]) of each sub-technology in terms of economic, resource, and environmental benefits was calculated, and the expressions were:
[image: image]
Then, the coefficients of variation of each indicator are normalized to obtain the secondary indicator weights of each sub-technology in the three dimensions of economic benefits, resource benefits, and environmental benefits:
[image: image]
Finally, we sum up the corresponding secondary index weights of economic, resource, and environmental benefits under each sub-technology to obtain the primary index weights of the five sub-technologies.
3.1.2 Treatment variable
Participation in cooperatives. According to the definition of the Law of the People’s Republic on Peasant Professional Cooperatives, peasant professional farmers’ cooperative cooperatives are collective economic organizations that are voluntarily organized and democratically managed by producers and operators of similar agricultural products or by providers and users of similar agrarian production and operation services on the basis of family contracting in rural areas. It also provides services such as the purchase of agricultural production materials, the sale, processing, transportation, storage of agricultural products, and the technology and information related to agricultural production and operation, up to online trading with members as the primary service targets. Therefore, in order to ensure the accuracy of processing variable data, farmers who joined empty and fake cooperatives are considered non-participants; farmers who joined actual operations but did not benefit from cooperative services such as production, marketing, and technical training are likewise considered non-participants. By the above criteria, 108 out of 314 apple farmers sampled in this paper belong to cooperatives or 34.39% of the total sample.
3.1.3 Matching variable
Existing research suggests that farmers’ participation and cooperatives or adoption of new technologies are rooted in the pursuit of economic gains through improved household livelihoods. Current research, therefore, shows that farmers’ decisions to participate in cooperatives and adopt new technologies are based on household livelihood capital (natural, physical, human, financial, social, and information capital) (Cai and Han, 2012; Yang, 2018, 2018; Mmbando et al., 2021; Geng et al.). Therefore, natural, physical, human, financial, social, and information capital have been selected as matching variables based on a sustainable livelihood framework (see Table 2 for more details).
TABLE 2 | Variable selection and definition.
[image: Table 2]Table 3 describes the essential statistical characteristics of apple farmers in the sample. Table 3 shows that cooperative farmers exhibit higher levels of adoption of green technologies, total household income, labour force, level of family education, household means of production, and agro-technical training than non-co-operative farmers.
TABLE 3 | Description of the basic statistical characteristics of the sample apple farmers.
[image: Table 3]4 EMPIRICAL RESULTS AND ANALYSIS
4.1 Measurement of green production technology adoption by apple growers
Because of the variability of green production technologies, they play different roles in the production process. In order to accurately describe the attributes of green production technology, this paper uses a Likert scale to evaluate the three dimensions of economic benefit, environmental benefit, and environmental benefit of the five green production sub-technologies. Based on the subjective evaluation data of apple growers, this paper used the coefficient of variation method to calculate the weights of each indicator. The results rank according to the importance of the hands: drip and sprinkler irrigation technology, soil testing and fertilization technology, pest control technology, water and fertilizer integration technology, and organic fertilizer application technology (see Table 4).
TABLE 4 | Description of the basic statistical characteristics of the sample apple farmers.
[image: Table 4]4.2 Impact of cooperative participation on green production technology adoption by apple farmers
4.2.1 Estimation of a decision model for apple grower participation in cooperatives
Based on the Sustainable Livelihoods Framework (SLF), this paper chose the Logit model to evaluate the propensity matching scores of apple farmers’ participation in farmers’ cooperatives. Table 5 shows the results.
TABLE 5 | Estimation results of a decision model based on logit model for apple growers’ participation in cooperatives.
[image: Table 5]4.2.2 Common support domain and balance test
The propensity score of apple growers can be calculated based on the estimation results of the apple grower participation in the cooperative model. Still, it should test the quality of the match before estimating the treatment effects. Based on the existing literature, this paper chose to assess the matching quality using the equilibrium degree of the standard support domain and pretreatment variables (explanatory variables) (Ragasa et al., 2018). When the common support domain is too narrow, it will result in samples outside the common support domain not being matched effectively.
The test results using 1-to-1 nearest neighbor matching showed (Figure 2A) that the number of samples in the treatment group outside the common support domain was two, and the number of samples after matching was 106, with a loss of 2 observations in the treatment group. As can be seen, the co-support domain retains a significant number of samples from the treatment group, and the quality of the match could be considered good. In order to ensure the robustness of the results of the common support domain tests, we performed robustness testing using nearest neighbor matching (1-to-3 match), caliper matching (0.01), and nuclear matching. The results are shown in Figures 2B–D. The results of 1-to-3 nearest neighbor matching and nuclear matching were consistent with 1-to-1 nearest neighbor matching with loss value of 2. Caliper matching loss value (0.01) is 5, which is small, indicating that the match quality passes the general support domain test.
[image: Figure 2]FIGURE 2 | Common support domain test: (A) 1-to-1 nearest neighbor matching; (B) 1-to-3 nearest neighbor matching; (C) caliper matching (0.01); (D) kernel matching.
Table 6 shows the results of balancing tests of explanatory variables before and after matching. In the case of the 1-to-1 nearest neighbor match, the Pseudo R2 decreased from 0.079 to 0.023, the LR statistic decreased from 31.90 to 6.77, the mean bias decreased from 19.1 to 7.6, and the median bias decreased from 17.7 to 7.2. The results of the 1-to-3 nearest neighbor matching, the caliper matching (0.01), and kernel matching were tested for robustness. The bias of the total sample was significantly reduced after the propensity score matching, and the treatment group and control group had similar characteristics, i.e., passed the equilibrium test.
TABLE 6 | Results of balance test of explanatory variables before and after matching.
[image: Table 6]4.2.3 Analysis of the effect of participation in cooperatives on the adoption of green production technologies by apple growers
The estimated results of the effect of participating cooperatives on adopting green production technologies by apple growers show in Table 7. Taking the estimation results of 1-to-1 nearest neighbor matching, the average treatment effect (ATT) of participation in cooperatives on green production technology adoption among apple growers was 5% and passed the test at the 1% significance level. Participation in cooperatives can significantly contribute to the adoption of green production technology among apple growers. From the mean, the probability of adopting green production technology among farmers who did not participate in cooperatives was 25.29%. The likelihood of using green production technology among farmers who participated in cooperatives raised to 30.29%, which was a 5% increase. Moreover, the ATT estimates of 1-to-3 nearest neighbor matching, caliper matching (0.01), and kernel matching were 7.02%, 7.75%, and 7.14%, respectively, and the positive effect of participation in cooperatives on the adoption of green production technologies by apple growers can be considered robust.
TABLE 7 | Estimated results of the overall effect of participation in cooperatives on the adoption of green production technologies by apple growers.
[image: Table 7]4.2.4 Sensitivity analysis
The key assumption of the PSM approach is that the decision of apple farmers to participate in cooperatives depends only on observable factors. However, a number of some unobserved factors may affect farmers’ participation in cooperatives. Sensitivity analysis is therefore needed to test the susceptibility of PSM’s estimated average therapeutic outcome (ATT) to unobserved factors. In this study, Rosenbaum’s bounds analysis was used to detect sensitivity to unobserved factors in therapeutic efficacy (ATT). Table 8 shows the results of Rosenbaum’s bounds sensitivity analysis. The parameter γ (≥1) is a measure of freedom from hidden bias, and the baseline scenario is the absence of hidden bias (γ = 1) (Rosenbaum and Rubin, 1983). The higher the value of γ, the higher the incidence of hidden bias (the higher the likelihood of the presence of unobservables). Based on the literature, conduct a sensitivity analysis in this paper for γ ranging from 1 to 2 (Dillon, 2011). Report the upper and lower significance levels (Sig+ and Sig−) for each value of γ. Suppose an upper (or lower) limit of significance can observe. In that case, it assumes that the average treatment effect (ATT) of the PSM estimates remains significant even for a given degree of hidden bias. As can be seen from the results in Table 8 (with 1-to-1 nearest neighbor matching), farmers’ degree of adoption of green production technologies is insensitive to a given degree of hidden bias. As the hidden bias is double, Sig− decreases from 0.023 to below 0.001, indicating that the estimates are primarily robust and significant at the 1% significance level (from γ = 1 to γ = 2). The results are more robust whether using 1-to-3 nearest neighbor matching, caliper matching (0.01), or kernel matching. In other words, the positive impact of participating cooperatives on apple growers’ green production technology adoption behavior is unlikely to change significantly, even in some unobservable factors.
TABLE 8 | Rosenbaum’s boundary sensitivity analysis.
[image: Table 8]4.3 Mechanistic analysis of the impact of participation in cooperatives on the adoption of green production technologies by apple growers
These studies show that participation in cooperatives can significantly promote the adoption of green production technologies by apple growers, so how does the participation of cooperatives influence apple-growing farmers’ green production decisions? According to previous theoretical analysis, farmer participation in cooperatives influences farmers’ green production behavior through a combination of the selling price, perception level, input cost, net benefit, and risk expectation. This section provides an empirical examination of this influence mechanism; a descriptive statistical analysis of the variables used is presented in Table 2, and the validation results are presented in Table 9.
TABLE 9 | Regression results of the mechanism of the effect of participation in cooperatives on the adoption of green production technologies by apple growers.
[image: Table 9]Table 9 estimates the impact of participation in cooperatives on the potential channels through which participation in cooperatives can influence apple farmers to adopt green production technologies. The estimation results of the four matching methods are the same. Estimates show that participation in cooperatives can significantly improve farmers’ economic benefits (sales prices and net income) and perceptions and reduce risk expectations for green production. Specifically, ATT data showed that farmers participating in cooperatives saw an increase in apple sales, with net apple earnings of 0.142USD/kg and 1829USD/ha, respectively. Compared to non-participants, their cognitive of green production increased by 1.034, followed by a 0.673 reduction in risk expectations for green output. However, the paper also found that while participation in cooperatives increased farmers’ economic net income, the average input cost per ha of apple production increased by USD 1178. Since farmers often require to standardize their production after joining cooperatives to meet the quality requirements of organic and green products, they must invest more in agricultural facilities and adopt green production techniques. We conclude that raising cognition, increasing selling prices and net incomes, and reducing risk expectations of green production are potential channels through which participation in cooperatives can significantly influence the adoption of green production technologies.
5 DISCUSSION
As new agricultural business entities, cooperatives’ advantages of intensification, scale, and organization help reduce the search cost and application risk of green production technologies for fruit farmers and promote the diffusion and spread of green production technologies, and cooperatives are supposed to become key subjects of agricultural technology diffusion systems such as green production technologies (Zhang and Liu, 2020). However, few studies have revealed the underlying mechanisms by which cooperatives promote the adoption of green production techniques by farmers. This study aims to evaluate the promotion effect of cooperatives on the application of farmers’ green production technology adoption and to clarify how cooperatives influence farmers’ green production technology adoption decisions. We conducted a systematic review of existing research and quantitative analysis using the PSM method and a sample of 314 apple farmers in Shaanxi and Gansu, China.
In assessing the impact, the paper finds that joining cooperatives helped increase farmers’ adoption of green production techniques, much as many scholars have done (Cai and Han, 2012; Abebaw and Haile, 2013; Wossen et al., 2017; Ma and Abdulai, 2019; Wan and Cai, 2021). We found that participation in cooperatives increased the probability of apple farmers adopting green production techniques from 25.29% to 30.29%, verifying that participation in cooperatives contributed significantly to fruit farmers’ adoption of green production techniques. It is an important measure to promote the transformation of agriculture to green production to guide farmers to join cooperatives and take the road of large-scale and standardized management.
In a mechanistic analysis, this paper proves that collective action, such as technical training, standardized production, and unified marketing, can reduce farmers’ adoption risks. This group behavior and internal communication mechanisms among cooperative members enhance farmers’ perceptions of green production, which is more consistent with existing research (Odoemenem and Obinne, 2010; Feng and Huo, 2016; Geng et al., 2017; Wan and Cai, 2021). However, the marginal contribution of this paper lies in finding and validating other possible implementation approaches. Specifically, we find that even when preferential services were provided to apple farmers participating in cooperatives, green products still cost 1178 USD/ha more than traditional production methods. However, the participants’ product prices and net profits were 0.142USD/kg and 1829USD/ha, respectively, higher than traditional producers. Therefore, we believe that the key to incentivizing participants to adopt green production technologies may lie in ensuring that the ultimate economic benefits of farmers’ green production are higher than traditional agricultural production methods. Cooperatives should therefore aim to increase the price and net profit of their products by, for example, broadening distribution channels through e-commerce sales, and increasing the market recognition of their products through mechanisms such as product quality certification, traceability of origin and product demonstration. At the same time, procurement costs have been reduced through collective procurement of production materials and technical equipment, or by actively applying for additional policy subsidies and incentives.
It is worth noting that this depends to a large extent on the quality of cooperative development because the laws and regulations, and systems governing the normative development of cooperatives in China are not yet sound, leading to the emergence of a large number of “fake cooperatives.” The lack of a properly regulated internal governance system severely reduces the effectiveness of cooperative technology promotion, technology demonstration, and technology radiation (Pu et al., 2014). Therefore, efforts should be made to establish and improve cooperative governance mechanisms and service functions, improve the applicability, convenience, and economy of green production technologies, and provide organizational support and product security for the popularization and application of green production technologies.
6 RESEARCH CONCLUSION
Green production is an important means to solve environmental problems in agricultural production. In China, where pesticides and fertilizers are overused, green production has been paid more and more attention by academia. Based on a household survey of 314 apple growers in Baishui County, Shaanxi Province, and Qingcheng County Gansu Province, from November 2020 to October 2021, this paper constructs a counterfactual framework using propensity score matching to empirically examine the impact of farmer participation in cooperatives on green production technology adoption.
We found that participation in cooperatives had a significant positive impact on farmers’ adoption of green production technologies. More precisely, if farmers participate in cooperatives, the probability of adopting green production technologies increases by 5%. It is worth noting that while farmers’ participation in cooperatives will lead to more significant investment, improved product quality will increase farmers’ economic efficiency in terms of sales prices and net income. In addition, the social services provided by cooperatives, such as technical training, agricultural supply, product sales, and surplus product distribution, can effectively raise farmers’ cognition of green production and reduce the risk expectations of farmers adopting green production technologies. In other words, despite the increase in inputs from farmers, farmers’ participation in cooperatives, higher product prices, higher levels of cognition, higher net income, and lower risk expectations all contribute to the choice of green production technologies.
The study also has two significant limitations. First, we use data from Shaanxi and Gansu Province, two major apple-producing regions in China, which may lead to regional particularities and may not fully reflect the participation of the China apple farmers’ Cooperative. More detailed survey data are required to describe China’s situation. Nevertheless, we believe the outcome will not change, as most apple production is concentrated in northwestern China and Shandong Province. This is despite high consumer approval of the quality of apples grown in Shandong Province.
On the other hand, the structure of agricultural production in Northwest China is similar. The most representative provinces are Shaanxi and Gansu, with diverse topography and topography. Secondly, our estimate of ATT may be underestimated if there are positive spillover effects from participation. For example, these non-cooperative farmers can observe and learn from Cooperative participants and change their production practices to be more environmentally sustainable. In future studies, it may be worth exploring whether apple farmers participating in cooperatives have spillover effects.
7 RESEARCH IMPLICATIONS
In response to the current problem of the limited size of cooperatives, governments at all levels should strengthen their support for cooperatives in terms of capital, technology, human resources and projects, in particular subsidies and preferential policies for cooperatives to purchase green production technologies and equipment and provide services. In view of the current situation of unregulated development within cooperatives, which is loosely governed and focuses only on economic benefits, we will speed up the formulation of laws and regulations to promote the normative and high-quality development of cooperatives, strengthen the construction of internal governance systems of cooperatives and strengthen supervision of their operation. Thirdly, we should integrate the service functions of various types of cooperatives, focus on supporting cooperatives with comprehensive production management and standardized production, and give better play to the leading role of cooperatives in green production. In response to the above research findings, this paper puts forward the following policy revelations: Firstly, it attaches importance to the critical role of farmers’ professional cooperatives in the promotion of green production technology and encourages regions to establish a joint agricultural technology promotion service system with agricultural technology centers (stations and institutes) as the core, new agricultural business entities such as agricultural cooperatives as the backbone, and multiple entities such as research institutes and leading agricultural enterprises to participate jointly, and carry out a The system is based on new agricultural business entities such as agricultural cooperatives, with the participation of multiple entities such as research institutes and leading agricultural enterprises. Secondly, we will strengthen farmers’ professional cooperatives’ support, guidance, and supervision and promote their normative development. In response to the current problem of the limited size of cooperatives, governments at all levels should strengthen their support for cooperatives in terms of capital, technology, human resources, and projects, in particular subsidies and preferential policies for cooperatives to purchase green production technologies and equipment and provide services. In view of the current situation of unregulated development within cooperatives, which is loosely governed and focuses only on economic benefits, we will speed up the formulation of laws and regulations to promote the normative and high-quality development of cooperatives, strengthen the construction of internal governance systems of cooperatives and strengthen supervision of their operation. Thirdly, we should integrate the service functions of various cooperatives, focus on supporting cooperatives with comprehensive production management and standardized production, and give better play to the leading role of cooperatives in green production.
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Flood is one of the most damaging natural disasters as the recent floods have shown their serious impact on Pakistan. Flood control and regulation policies are essential to reduce the risks of economic downturn, a threat to human existence, and to sustain the ecology. The severity of flood catastrophe activities represents a constant and severe issue in the world. Floods are rising year by year in severity and duration, causing negative impacts on the social and economic conditions of the nation concerned. While the frequency of floods cannot be avoided, their adverse impacts can be considerably reduced by adopting careful planning and efficient training. This paper reviews the socioeconomic impact of floods, and the existing condition of flood control policies outlines the flood protection problems and discusses opportunities for successful and efficient flood control in Pakistan. The paper also intends to propose several suggestions for efficient and sustainable flood control in Pakistan.
Keywords: major floods, flood management, social and economic cost, flood control, flood impacts
1 INTRODUCTION
Floods are one of the major sources of anthropological and ecological destruction. It affects the socio-economic conditions, worsens public health, generates unemployment, damages the ecosystem, etc. (Allaire, 2018; Parida, 2019). Currently, public and private institutions are struggling to formulate and evaluate risk management and adjustment strategies, involving systems for flood prevention and advance alerts with urbanization patterns and land use planning under consideration in the wake of urban flooding. One major reason is the land adjudication and administration system of Pakistan is colonial in nature and lacks judicial augmentation, providing a chance for flawed urbanization (Shafi et al., 2022). However, policymakers face substantial hiccups in the mitigation of natural disasters’ aftermath globally. In this wake, countries with stable economic structures and administration have reported fewer mortalities and lower socioeconomic damages as compared to developing countries (Anbarci et al., 2005; Kahn, 2005).
Certain approaches are utilized to manage floods and mitigate their aftermath. Here, Effective Risk Avoidance involves a detailed understanding of the effects of floods on the public, the economy, and the efficiency of disaster management strategies. The realistic approaches focus on the potential risks and benefits analysis. Currently, prevention approaches are often decided based on active expert analysis of floods. However, cost-benefit analysis is seldom used in mitigation planning, possibly because of insufficient empirical evidence on a broad range of types of losses. Government and non-governmental sectors also transfer their resources from production to restoration and rehabilitation practices which slow down the growth of Gross Domestic Product (GDP) and overall Human Development Index (HDI) (Sadia et al., 2013; Isik et al., 2021).
The South-Asian Subcontinent, with The Great Himalaya Glaciers, remains at primary risk. Though currently, the rainy season remains the major reason for the flooding in the region the presence of glaciers and the rise in average temperature remain a permanent threat to the region. Floods are the most common natural disaster in the region with 40% occurrence rate (Chaudhry, 2017). Furthermore, urban flooding reasoned by solid waste management and decreases in urban vegetation has affected 9.6 million people in Bangladesh, India, and Nepal, with 6.8 million from India only. South Asia floods: 9.6 million people swamped as humanitarian crisis deepens (IFRC, 2020).
It has been observed that the average global temperature has been rising at a higher rate since 1980. Due to this glaciers are melting rapidly, generating glacial lakes and associated hazards. Glacial Lake Outburst Floods (GLOFs) are extremely destructive because of large volumes of water flowing in narrow river channels. The greatest number of GLOFs, out of all the natural disasters that have occurred worldwide, have been reported in Central Asia (Carrivick and Tweed, 2016; Nie et al., 2017; Mohanty and Maiti, 2021). Global warming as the sole reason GLOFS, the Hindukush-Karakoram-Himalaya regions of Pakistan, which contribute more than 50% of the entire flow of the Indus River System (a major water system), has observed a higher melting rate of glaciers. This condition has led to an increase in the frequency of glacial-related hazards in this Himalayan region. GLOFs which are either caused by the sudden failure of the “dams,” or in the absence of the dams release huge volumes of water and debris wreak havoc downstream. GLOFs have the potential to massively harm people living in the Himalayan region, especially Indus River Basin (Ashraf et al., 2012; Ashraf et al., 2021; Ahmad et al., 2022).
Achieving sustainability in the country in terms of economic, social, political, and environmental issues is discussed more thoroughly nowadays because the phenomena of globalization as well as global warming are based to meet today’s requirements without compromising the ability of future generations (Işık et al., 2021). The rising CO2 emission worldwide will be rising government spending as the result increases real GDP per capita. So, state policymakers are trying to limit or minimize CO2 emissions (Işık et al., 2022). Pakistan is among the most vulnerable countries to floods and water-related disasters as Pakistan has the most glaciers outside the arctic circle. The climate changes and monsoon season have significant impacts on socio-economic degradation, specifically on agricultural production and livestock. The regular occurrence of flood catastrophes affects different regions of Pakistan (See Table 1). Floods are expensive environmental disasters, leading to property and agricultural land destruction. Floods are typically short-lived occurrences that can occur with a tiny alert (Commission, 2007). Pakistan has experienced an unprecedented increase in floods in the last 20 years. Fifty-four (54) floods of differing intensity hit Pakistan, placing it 10th on Global Environment Risk Index (Kreft et al., 2015; Rehman et al., 2015; Sardar et al., 2016). Pakistan is positioned within a hazard-prone region and is bare to a variety of natural catastrophes like floods (Rafiq and Blaschke, 2012). The past of the region’s flooding is relatively lengthy. Many significantly disastrous floods caused considerable harm to economic development. Table 2 provides the history of floods in terms of losses incurred. Each flood is caused by heavy rainfall in the Indus River catchments and its main tributaries (GoP Annual Flood Report, 2017). According to the World Health Organization (WHO) twenty (20) million residents in seventy-eight (78) areas were affected by 2010 floods, taking one thousand eight hundred (1800) life’s, causing damage, or destruction of nearly two million houses with a cumulative cost of $9.7 billion. Public infrastructure i.e., roads, bridges, hospitals, schools etc., were immensely affected, deteriorating accessibility to health, education and mobility resulting in poverty, deprivation, and psychological and social trauma necessitating rehabilitation and restoration (Sardar et al., 2016).
TABLE 1 | Most vulnerable districts of Pakistan for flood and flash flood (NDMA, 2019).
[image: Table 1]TABLE 2 | Historical flood damages in Pakistan (period 1950–2017) (GoP Annual Flood Report, 2017).
[image: Table 2]There are typically five forms of flooding frequently occurring in the country, such as flash floods, river floods, tidal floods, marine floods, and pluvial floods. The heavy rainfall in canals’ catchment areas triggers pluvial floods of canals or dams, and water goes out towards the dry land and affects the area (Yaqub et al., 2015). Main floods in Pakistan are linked with the low depression monsoon rainfalls that form in the Bay of Bengal and spread west/northwest through India to Pakistan (Kronstadt, 2010). Apart from Monsoon rains, meltdown of glaciers causes flashfloods in hilly areas rendering massive destruction. However, urban flooding is solely related to monsoon rains and unplanned urbanization restricting drainage passages and encroachments. Furthermore, coastal floods are mostly caused by tropical storms in South-East Sindh and Makran regions (Yaqub et al., 2015). Pakistan faces severe floods from July to September period owing to heavy monsoon rains in all the regions of Pakistan inundating the Indus River Basin. Hydrologically, the region can be categorized into three main divisions: Indus Basin, Kharan Basin, and Makran Coastal Drainage Zone. Such basin’s flooding features differ significantly and require a detailed understanding (Tariq and van de Giesen, 2012). The flood hazard map indicates the most vulnerable districts of Pakistan with major river systems (developed after (NDMA, 2019) as shown in Figure 1. A topographic map of Pakistan with recent flood events is shown in Figure 2. The list of the most vulnerable districts of Pakistan concerning Flood and Flash Flood is shown in Table 1. The geographical distribution of Pakistan’s 2010 floods’ direct and indirect damages is shown in Figure 3 and Figure 4 respectively.
[image: Figure 1]FIGURE 1 | Flood hazard map indicates the most vulnerable districts of Pakistan with a major river system map developed after (NDMA, 2019).
[image: Figure 2]FIGURE 2 | Topographic map of Pakistan with recent flood events (Source: ESRI topographic layer used).
[image: Figure 3]FIGURE 3 | Geographical distribution of Pakistan’s 2010 floods direct damages; Source: Pakistan floods 2010 preliminary damage and needs assessment (Asian Development Bank, 2010).
[image: Figure 4]FIGURE 4 | Geographical distribution of Pakistan’s 2010 floods indirect damages; Source: Pakistan floods 2010 preliminary damage and needs assessment (Asian Development Bank, 2010).
Global Warming and climate change are serious issues, concerning Pakistan. Our article represents the impact of global warming and climate change. As evident the cloud bursting phenomenon is quite new for Pakistan, the same is the case with Glacier Bursts. Keeping floods as the focal point of the study we maintain this proposition that climate change is one of the primary reasons for wreaking havoc in Pakistan. With this background, this article examines the recent and emerging developments in catastrophe situations to evaluate the effects of floods on the socio-economic conditions of the higher flood-risk areas. The purpose of this study is to assess the socioeconomic cost of floods and to strengthen flood control policies in Pakistan, which is a resource-limited and vastly populated developing nation, and highly dependent on the agricultural sector. The paper utilizes a literature synthesis approach, extracting data from various resources ranging from published articles to government documents. Moreover, ESRI topographic layer was used to develop a topographic map of Pakistan. The study emphasizes that exploration of flood mitigation criteria is also needed as the floods in the country are becoming more regular and severe.
2 MATERIAL AND METHODOLOGY
This study reviews the existing literature on the flood, flood management, and socioeconomic cost in Pakistan focusing on riverine and extreme floods (2010). The theoretical framework of the study is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Theoretical framework of the study.
The present study compiled and comprehensively analyzed numerous scientific and analytical reports, scholarly articles relevant to flood management studies, economic surveys of Pakistan, and other relevant reports released by different scholarly, consulting, and consultant institutions to extract and synthesize main studies on floods and flood management in Pakistan. A comprehensive empirical literature review was performed by using Google Scholar and a related search engine. The literature that has the greatest relevance to Pakistan was cited. The study also reported crucial findings and suggestions.
The past research suggests various review methods, empirical analysis, and meta-analysis (Toya and Skidmore, 2007; Jonkman et al., 2008; McMullen and Lytle, 2012). The studies aim to create an empirical link by collecting data such as the impact of floods on GDP (Kirigia et al., 2004; Rufat et al., 2015). But in the case of Pakistan, the data available is insufficient to either adopt or develop any complicated method, however empirical analysis of the facts and figures provided through reports, government documents, and policy papers, and correlate these with studies reviewed. The focus of this study remains to provide insight into the flood problem by reviewing it through data synthesis and textual analysis approach, which will access the impacts of floods. This study will establish an understanding of the importance of the topic, where impact analysis will ensure the need for extended studies conducted in the Netherlands and Africa (Kirigia et al., 2004; Jonkman et al., 2008).
3 FLOODS AND THEIR IMPACTS
Our study will steer through past research which includes a broad range of topics concerning measuring the impact of floods i.e., agriculture and livestock, impact on human health, the economic cost of floods, flood forecasting, flood warning mechanisms, and flood management.
As, the recent floods have devastated the country, and have inundated more than 40% of Pakistan, we can only speculate the losses in wholistic terms. It has been recorded that more than 30 million people have been displaced, with most parts of the Sindh province remaining under imminent threat. So currently, the estimates can only be compared in terms of Macro losses, like no. of people migrated, an area inundated, infrastructure destruction, etc. but the exact figures will remain ambiguous. As far as the scale and scope of the current flood are concerned, we can only conclude this fact that it has immensely damaged the country as compared to the flood of 2010.
3.1 Impact on agriculture and livestock
The impact of the flood on the agriculture sector can be divided into the following six categories: 1) Livestock evacuation in an urgent situation; 2) Avoidance of spring field exposure, allowing livestock to be sheltered or moved to certain other flood-free places; 3) Harm to crop and grass productivity in worst-affected areas with massive loss of pasture 4) Driven production loss and affected the performance of cultivation and agricultural land; 5) Destroyed irrigation structures and facilities at the farm; 6) Loss of advantageous soil invertebrates, in particular earthworms, elevated risk of animal disease, including infection of liver fluke (Morris and Brewin, 2014). As agriculture remains the largest sector of Pakistan’s economy, employing 43 percent of the population, its yearly contribution to the GDP period 1969–2011 is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Agriculture sector’s contribution to gross domestic product (GDP) period 2011–2019 (Economic Survey of Pakistan 2018–2019) (Gop Pakistan Economic Survey, 2019).
Climate change typically has minor effects on the world food supply, but the consequences of climate change are widely distributed unevenly. Low-income economies, such as those in South Asia and Africa, experienced most of the casualties. By taking the data from 1989 to 2015 and by using the Feasible General Least Square (FGLS) model (Ali et al., 2017) studied the climate changes impact on Pakistan’s major crop yields. The results showed that except for wheat, the impact of rainfall on the production of any other selected crop is negative (Iqbal et al., 2018). Evaluated the impact of Pakistan’s 2010 flood on Khyber Pakhtunkhwa’s agriculture sector and found that after the flood, the family income of agricultural labor dropped, resultantly, in the usage of chemical fertilizers and other agricultural inputs also declined. The floods have adversely affected agricultural output where there was a considerable fall in wheat, maize, and sugar cane output. In Pakistan, the floods and heavy rains have not only affected agriculture crops, livestock, and forests but also devastated necessary facilities such as tube wells, domestic water storage facilities, animal shelters, private seeds inventories/pesticides, and agricultural equipment (Iqbal et al., 2018). Baluchistan and KPK experienced mostly heavy rains, while Punjab and Sindh experienced mostly slow-rising floods on the canal. 2011, 2012, 2013, and 2014s floods damaged residential and agricultural properties, livestock, and crops. (Ashraf et al., 2013). proposed that floods made food shortages and food insecurity for the citizens as they had to utilize polluted resources, particularly water.
Due to the 2010s flood, the agriculture industry has suffered a total loss of about Rs. 429 billion. For example, the profitability of cotton production decreased to 11.76 million bales as compared to the expected production of 14 million bales. Rates of the inputs of agricultural products such as urea, and chemicals, diesel had increased dramatically (Bukhari and Rizvi, 2017). According to (Rehman et al., 2015), twenty percent of the country’s overall landmass was inundated, affected by the 2010s flood, with cumulative damages of above USD 10 billion. The agriculture sector’s contribution to GDP is shown in Table 3 showing a significant decrease in the fiscal year 2010–11.
TABLE 3 | Agriculture sector’s contribution to gross domestic product (GDP) period 1969–2011 (Economic survey of Pakistan, 2010–2011) (GoP Economic Survey, 2011).
[image: Table 3]The flood caused the loss of millions of livestock including around 200,000 dead in the 2010 flood in Pakistan. The final number of losses was higher. The Food and Agriculture Organization (FAO) announced that after the disaster, millions of surviving animals were confronting a food shortage situation that was alarming. The call for 5.7 million dollars has been made by UNO for emergency assistance for livestock. However, funds of 1.4 million dollars have been mobilized by FAO to secure feedstuff and the healthcare of livestock. Currently, the full scale and scope of the catastrophe are not clear, which will require more resource allocations once the situation becomes clearer (Deen, 2015).
3.2 Impact on human health
Floods pose an enormous challenge to the healthcare system and its efficacy. For example, it can damage access to drinkable water by infiltrating the aquifers, thus increasing the transmission of waterborne diseases. The health concerns are classified as direct and indirect. Where direct effects arise from deep water and flooding penetration, including death, debris injury, environmental pollution, and hypothermia. Indirect effects include threats related to the water disruption to the natural and physical environment, including communicable diseases, obesity, famine-related diseases, and displaced population-related diseases. The number of people affected by the different diseases by the 2010’s flood is shown in Figure 7 (Ahern et al., 2005; Du et al., 2010).
[image: Figure 7]FIGURE 7 | Number of people affected by the different diseases by the 2010’s flood (GoP, 2011).
The floods’ health effects could also be categorized as instantaneous medium and long-term. Flooding can also develop a high number of breeding grounds for insect and infection-borne diseases such as malaria. There have been various reports of increased risk throughout Asia, Africa, and Latin America in historically tropical countries. Public medical professionals and relief workers also warn after natural disasters that the dead bodies of affected people can trigger disease outbreaks such as cholera. The anxiety induced by such statements enables societies, local governments, and institutions to dispose of affected people quickly without identification. This leads to psychological stress for family members alive and causes legal issues including land, insurance claims, and inherited wealth (Kondo et al., 2002; Morgan et al., 2005).
Reacher et al. (2004) evaluated the impact of floods on public health by taking the data of massive floods for the period of 12 October 2000 in the region of Lewes in the south of England. They found that floods are linked with an earache, psychological distress, and gastroenteritis. Psychological damage may illustrate some of the additional physical illnesses recorded by affected people, and likely even by children. Strategies to encourage the adaptation of the community to disasters, where flood management has deteriorated will provide logistical assistance for flood victims and adequate therapeutic help. However, in Bangladesh, studies conducted on the causes and spread of diarrhea at the expense of flooding. It highlighted the important demographic, economic, and social aspects from the preview of amenities provided by the system and how the provision of food and clean drinking water becomes essential during and after flooding (Kunii et al., 2002).
The prevalence of diarrheal disease and its associated epidemiological factors were examined by (Mondal et al., 2001), by applying a systematic random sampling analysis on the data of two identified flood-prone regions in West Bengal’s Midnapur area. The research found the diarrheal disease to be the most severe morbidity in flood-prone communities. Some habits, such as using pond water for utensil washing and cooking purposes, hand washing after soap-less defecation, inadequate washing hands before feeding, open area defecation, storing of drinkable water in large mouth containers, etc., were found to be correlated with increased diarrhea attack levels, both in research and control community during flooding to the pre-flooded period (Mondal et al., 2001).
Access to medical care and drugs is of central concern in the flood-affected areas of Pakistan, as is the reconstruction of community health facilities in the region. According to the WHO, 2010s flood affected more than 20 million people, many of whom were homeless. At that time, at least 8 million people required urgent humanitarian aid. More than 400 of the approximately 3000 clinics and hospitals in flood-affected areas had been affected or closed, thereby restricting the availability of urgent and daily healthcare. The availability to clean water for drinking and standards of health and safety were severely affected, though the risks of occurrences of waterborne diseases. Specific health issues, such as tuberculosis, skin diseases, severe respiratory diseases, and starvation, were of utmost concern (WHO, 2010).
3.3 Economic cost of floods
The future of the world economy is more uncertain than it has ever been, and this uncertainty is sensitive to uncertainties relating to a range of economic policy decisions made by all parties involved, including governments (Işık et al., 2019). Natural climatic risks have direct interaction with core macroeconomic factors and can affect economic development and market performance rapidly. Jonkman et al. (2008) described a framework established for the assessment of flood damage in the Netherlands and suggested that the economic loss resulting from the floods relies on the country’s vulnerable location, coastal zone, and economy. According to (Toya and Skidmore, 2007), high-income economies, high schooling, more transparency, more robust financial structures, and reduced government suffer fewer casualties from natural disasters. They argue that private preference for safety nets rises because of increasing people’s wages because higher salaries encourage individuals to mitigate the danger by investing extra in precautionary measures.
With improved GDP growth, citizens could have improved facilities, alarming networks, and flood-prone precautionary and protective steps that can mitigate the effect of floods. Sadia et al. (2013) examined the impact of natural disaster deaths on Pakistan’s GDP per capita from the disaster by taking the data for the period 1975 to 2009, using the ordinary least square model, and found a strong positive impact on per capita GDP from disaster-related deaths, human capital, and life expectancy.
Ahmad et al. (2011) proposed that two levels of flood damage could be evaluated. The harm to facilities (infrastructure) and mortality can be called the first tragedy accompanied by second disasters like the families facing poverty due to the death of earning hands. The risk of the second catastrophe may be higher than that of the first. The risk of natural hazards along with people’s socio-economic insecurity presents a major threat to the system of Pakistan’s government.
Sardar et al. (2016) discuss three threats linked to floods: death, property destruction, and non-fatal community consequences, and calculated the effect of these disasters on Pakistan’s GDP growth for the duration 1972–2013. Their results showed that the per capita GDP development and emergency prevention reduce the severity of flood risks associated with it. Most notably, and contrary to evidence from several nations, flood intensity accentuates flood-related hazards in Pakistan which indicate a lack of understanding of previous flood experience. Concerning the flood-to-economic growth connection, their analysis showed that flood-related threats have a substantial negative effect on the economy’s GDP performance. Property loss causes economic development with the greatest effects.
3.4 Housing
According to the economic survey of Pakistan in 2011, approximately 392,786 houses were affected, and 728,192 were lost. In the districts of Muzaffargarh and Rajanpur in Punjab, Nowshera, and D. I. Khan in KPK and Jaffarabad, Jacobabad, Shikarpur, and Thatta in Sindh, the harm was more noticeable also shown in Figure 1 and Table 1. The geographical distribution of Pakistan’s 2010 floods direct and indirect showed in Figure 3 and Figure 4, respectively. The flood damages and reconstruction costs by sector as shown in Table 4.
TABLE 4 | Flood damages and reconstruction cost by sectors (Rs. in Billion) (Pakistan: Flood Impact Assessment, 2011).
[image: Table 4]4 FLOOD MANAGEMENT IN PAKISTAN
The flood prevention strategy is a relatively complicated problem in Pakistan. In each of the four provinces, the complexity of the issue differs because of their specific physiographic, climatic, geographical, and socioeconomic circumstances (Chaudhri, 1981). Early severe flooding happened in 1950, 1956, and 1957 after independence. However, no systematic flood control program was implemented at the national level, owing to scarce funding and administrative structures. Protection and control of flooding remained the exclusive responsibility of regional governments until 1976. That improved after 1973 destroying floods that took 474 lives and caused damage of 160 billion Pakistani Rupees (Tariq and van de Giesen, 2012).
4.1 Evolution of flood management system in Pakistan
In 1973 Pakistan faced severe floods which led to the establishment of the Federal Flood Commission (FFC) in 1977. The commission worked under the Ministry of Water and Power and was established to implement nationwide flood management, particularly concerning the Indus River Basin. The main functions of the FFC include developing national flood management measures; approving flood management plans drawn up by local governments and federal entities; examining flood damage to facilities in the public sector, and analysis of repair and rehabilitation plans; flood forecasting, and alert program enhancement measures; providing guidelines on standards for the management of flood protection reservoirs (GoP Annual Flood Report, 2009).
The first National Flood Protection Plan (NFPP-I) was developed after the creation of the FFC, with a spending timeline to be introduced throughout the 1978–1988 decade. A Federal Coordination Cell (now reshaped as FID Cell) was formed in 1982 to organize the Provincial Irrigation Departments ' operations, especially in the drainage region. In 1987 Dam Protection Council was set up to examine established dams via DSO WAPDA and proposals for new dams etc. (GoP Annual Flood Report, 2009).
In Pakistan, flood control initiatives consist primarily of flood-protection embankments, spurs, studs, and sophisticated flood-prediction strategies. The provincial governments have developed numerous flood-protection systems to address local flood challenges (Baig, 2008). According to Ahmed et al. (2014) flood risk reduction in Pakistan was handled primarily by federal and provincial authorities, which typically need to be reconsidered to find innovative methods and strategies to counter the threat. Flood management institutions and their responsibilities are presented in Figure 8.
[image: Figure 8]FIGURE 8 | Evolution of flood management and relief system in Pakistan.
4.2 Flood warning system in Pakistan
According to Jain et al. (2018), Flood Forecasting and Warning System (FFWS) main aim is to inform the public and other stakeholders of an imminent flood as early and effectively as possible. In Pakistan, the mechanism of flood warning and control undertakes three phases: 1) The PMD tracks the monsoon weather pattern, which produces either from the west in the Arabian Sea or from the East in the Bay of Bengal, in the first stage. Their movements are monitored for the upper catchments lying in Pakistan or over the border, and estimates are generated one to 2 days in advance for expected rains and the severity of such rains. In the case of rains, the volume of rainfall is estimated and evaluated above the rim stations for their possible run-off relationship) after that is the stage of flood creation that starts with the generation of runoff from the rim stations and flows down into the Indus River and its tributary. Projected rainfall and flow data and real upstream flows are the hydro-meteorological portions of the flood prediction method 3) ultimately, the hydrological part of the forecasting network is to track and control the route of the flood wave below the rim station of the rivers at the downstream locations. This is handled by WAPDA and controlled in respective provinces by the irrigation departments (Hussain, 2015).
The early warning system of Pakistan is efficient to some extent; however, the flood warning system only aims to provide information, rather protective measures. In our opinion, as we have also mentioned in the study, such acts can only help lessen the losses to be incurred. However, the implementation in the form of evacuation, protection, and migration is based upon the behavioral choices of the people of the area. We can mention the example of Mardan, where legal force was used to vacate the city during the 2022 floods. Thus, flood warning system calculates and provides relevant information. However, the impact must reach the grassroots level, furthermore, there is a strong need of creating a civic sense among the people of Pakistan. As can be seen in the case of Sawat River flash floods, it is speculated that most of the socio-economic loss incurred was caused by illegitimate activities, land grabbing on the riverbed, and around the torrent flow, which was against the River Protection Ordinance, 2002.
4.2.1 Flood forecasting division’s flood forecasting models
The FFD employs the Flood Early Warning System (FEWS) and the Indus Integrated Flood Analysis System (IFAS) for flood forecasts. In terms of urban areas, flood prediction and warning systems were developed in the Nallah Lai Basin (Afsa et al., 2013; Sugiura et al., 2014). Since 2007 the FFD has used the flood forecasting framework FEWS built by Delft Hydraulic in the Netherlands. The FEWS contains (1) the rainfall-runoff interface Sacramento Soil Moisture Accounting (SAC-SMA) and (2) the SOBEK, an interface for hydraulic fluid routing (Shrestha et al., 2019). The Layout contains data from forty-four (44) WAPDA telemetry stations. The rainfall-runoff process performance determines the entrance into the routing mechanism (Awan, 2003). Early warning mechanism components are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Early warning mechanism components (Hussain, 2015).
From the perspective of South Asia, the hierarchical institutional structure Flash Flood Guidance System with Global Coverage (FFGS) can provide warnings about 6–24 h in advance for South Asian countries, including India, Nepal, Bhutan, Bangladesh, and Sri Lanka. However, the respective NDMA’s of these countries perform the same functions as Pakistan, Since Bangladesh and India are more densely populated than Pakistan, the riverbank protection in India and Bangladesh is much more rooted at the state level, and powers are transferred to the grassroots level for implementation. But, as the cultural roots of the subcontinent remain the same along with legal roots, the implementation and behavioral intention part remain at certain risk.
4.2.1.1 Criticism
The present flood forecasting method of the FEWS model, however, has minimal regional scope, and rainfall-runoff knowledge and downstream routing of the Tarbela and Kabul rivers are not integrated with the model. The tributaries included in the FEWS are not determined by the amount and rate of discharge necessary for reliable flood forecasting (Shrestha et al., 2019). The FFD also introduces the IFAS established by the International Center for Water Hazard and Risk Management (ICHARM) under the Critical Reinforcing of Pakistan’s Flood Warning and Management Capacity Program and the Japan Aerospace Exploration Agency (JAXA), with UNESCO funding. More than thirty-nine (39) districts in Pakistan are protected by flood prediction and early warning services from the IFAS (Ahmad, 2015; Mustafa et al., 2015).
Disaster management institutions in Pakistan are relatively new and need time to strengthen their foothold. National disaster management authority (NDMA) claims a preparedness-oriented approach, but at the core, the country’s disaster management system is still operating on a top-down approach. Practically, it is more relief-focused, and season-based planning is being implemented. Under the 18th amendment of the constitution of Pakistan, PDMAs are not legally bound to follow NDMA. As a result, NDMA just acts as a general policy-defining institution. Mutual coordination needs to be encouraged to cover potential oversights. District disaster management authorities are composed of officials from different local institutions and are virtually non-existent in the field. Thus, a dedicated DDMA is needed, which could act as a catalyst in disaster risk reduction (Rana et al., 2021).
There is also a need for regular technical and institutional capacity assessments for effective disaster preparedness and response. Consequently, ad-hoc disaster risk management is happening in the study areas. More research could be conducted to identify potential weaknesses in these urban institutions. There is a need to improve local institutions’ image in front of communities as strong distrust further complicates flood risk reduction initiatives. Local institutions and communities need to work together to realize the full potential of the disaster management cycle and disaster risk reduction approach (Rana et al., 2021). Flood management institutions and their responsibilities are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Flood management institutions and their responsibilities developed after (Ali, 2013; Rana et al., 2021).
To cope with the situation, there must be a multi-pronged approach, as suggested there is a strong need for water reservoirs, which can be fulfilled through water policy. Secondly, the early warning system and relevant institutions must reach the grassroots level to cope with the emergency in a better way. Thirdly, the whole management machinery of the area remains dependent upon a certain institution, Pakistan Administrative Services. There is a strong to segregate the departmental responsibilities and develop new departments ensuring implementation. Lastly, the citizens must have a civic sense or understanding of the nature of the information provided to them in the wake of floods.
In April 2018, Pakistan’s four provincial chief ministers endorsed the country’s first regional water policy. The National Water Policy’s goal is to address the growing water problem and include an overarching policy structure and recommendations for a robust action plan. The National Water Policy provides a specific policy structure and collection of water protection standards based on which the Provincial Governments will devise their development plans and water conservation, water improvement, and water management projects (GoP National Water Policy, 2018).
5 CONCLUSION
Floods are a frequently occurring phenomenon due to heavy monsoon rains in Pakistan. The size and magnitude of the floods that Pakistan has confronted in the last few years would have been a problem for any nation. Recent severe floods have shown that there is a lack of adequate cooperation between flood control agencies, due in part to shortcomings in current technological capacities, such as warning signals, preparedness initiatives, disaster response, and systemic flood prevention measures. This is important to further develop flood monitoring and alert systems to reduce the damages of potential floods. Although Pakistan’s flood warning and detection systems have shown their effectiveness, the forecasting ability of the network is still weak. At the same time the institutions, NDMA and PDMA, operate at national and provincial levels, dispersing the rehabilitation responsibilities to local bureaucracy rather than establishing a grassroots-level structure with reference to small cities and villages. It also makes rehabilitation procedures weak and ineffective in most areas. Nonetheless, a cohesive response by the Pakistani community and the combined efforts of all the international and domestic agencies concerned remained crucial. Only providing damage reimbursements to flood victims is not the remedy; we need to get rid of this problem. Pakistan’s water management also needs to develop more reservoirs—lakes, and dams as a way to combat floods. The government should generate and incorporate robust public awareness initiatives to educate the public on flood risks and flood preparedness. In conclusion, to achieve effective flood control, a risk-based proactive strategy is needed.
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With the improvement of China’s industrialization and urbanization level, the problem of urban–rural dual structure is becoming increasingly obvious. The balanced development of urban and rural areas is a problem that China is striving to solve. Against the background of dual carbon goal, urban enterprises are reducing carbon emissions, while the rural carbon sink potential is huge, and carbon optimization is becoming the basis for balanced urban–rural development co-occurrence. This paper discusses the construction of an urban–rural mutual aid model from the perspective of carbon sink value. Using the case study method and the system theory research method, this paper analyzes the development status of rural agriculture and farmers, reveals the potential economic value of rural carbon sink assets, constructs an urban–rural mutual aid mechanism for industry feedback into agriculture, and proposes an implementation path for urban–rural mutual aid and the coordinated development of carbon sink assets under the dual carbon goal. The results show that the urban–rural mutual assistance model of carbon sink assets is conducive to the balanced development of urban and rural areas in Henan Province and the common prosperity of the people.
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INTRODUCTION
The frequency of extreme weather in recent years is a warning of the climate crisis and even the “worst situation.” If left unaddressed, it will cause the ecosystem to collapse, with dire consequences for humans. The Earth is the only home shared by mankind. The only way to tackle climate change is to work together. On 22 September 2020, China proposed at the 75th Session of the UN General Assembly that it would increase its national independent contribution and adopt more effective measures and policies to reach peak CO2 emissions by 2030 and strive to achieve “carbon neutrality” by 2060. “Carbon neutrality” refers to human production activities emitting greenhouse gases, such as CO2 and CH4, and the amount of “carbon” recovered through greening and technology, in order to enable carbon accounting and achieve carbon balance or neutralization. Greenhouse gases are the cause of global warming, and controlling greenhouse gas emissions is an important basis for sustainable human development. “Carbon peak” and “carbon neutrality” have been incorporated into the national overall development plan and the overall plan for ecological progress, and an extensive and profound social systematic reform is being undertaken. The Henan Provincial Party Committee and provincial government attach great importance to the implementation of General Secretary Xi Jinping’s vision of “carbon peak” and “carbon neutrality” as an important political task, unswervingly implementing the new development concept and jointly promoting high-quality development and high-level protection.
In the past four decades, unbalanced urban and rural development has occurred due to the rapid development of urbanization. Rural residents are mainly engaged in the corresponding primary industry, while urban residents are engaged in the corresponding secondary and tertiary industries. Since the secondary and tertiary industries represent the most advanced productivity, urban residents receive relatively high benefits. Furthermore, agricultural productivity is low, so farmers obtain relatively low income. This clearly shows that urban and rural areas have two economic systems with different levels of productivity development. There are differences in the internal elements and operation modes of these two systems, which lead to two different development results for urban and rural areas and the widening gap between them. Moreover, the development of urban and rural productive forces in China is unbalanced; the development of urban productive forces is fast, while the development of rural productive forces is slow, which leads to an imbalance between urban and rural development and prominent differences between them. In China’s dual economic and social structure, the development of urban and rural productive forces is not synchronized, and the changes in urban and rural production relationships are not consistent. Therefore, in order to implement an urban-biased catch-up industrialization strategy, the government has formulated a complete set of urban–rural isolation systems, thus creating urban–rural differences under the dual economic and social structure. The 19th National Congress of the Communist Party of China clearly proposed establishing a new type of urban–rural relationship. Its goal is to enhance the vitality of rural development, gradually narrow the gap between urban and rural development, promote the common prosperity of urban and rural areas, and achieve balanced development through urban development and integrated urban and rural areas. Under this requirement, it is difficult for Chinese urban enterprises to develop continuously under the condition of emission reduction, and the development potential of rural carbon sink assets is huge, so it is necessary to establish a carbon emission and storage coordination mechanism in urban and rural areas.
Since China’s reform and opening up, China has vigorously developed the economy and ignored the potential value of rural carbon sink assets. Research on rural carbon sink resources is extremely scarce, and there is no research on how rural carbon sink assets form a mutual development mode with urban industry. Since China’s agricultural economy entered the 21st century, due to the implementation of various national agricultural policies, the living standards of farmers have been greatly improved, but many contradictions in rural development still exist. Therefore, it is both innovative and of great significance to explore the advantages of carbon sink resources in rural areas and form a mutual assistance mode with urban industrial development.
Henan Province in China is the birthplace of Chinese civilization. It is necessary to explore carbon sink resources to realize the balanced development of urban and rural areas, which is of great significance to the realization of the common prosperity of the people in China. Agriculture is an important area to achieve the “dual carbon” goal. Promoting the dual carbon strategy in agricultural and rural areas is not only an important part of accelerating the construction of an agricultural ecological civilization but also an important measure in implementing the rural revitalization strategy. Against the background of the dual carbon goal, it is necessary to adhere to the principle of sustainable development and urban and rural integration, establish a mutual assistance model between urban and rural areas based on carbon optimization, and realize the balanced development between urban and rural areas, which is of great significance for the common prosperity of the people in China.
LITERATURE REVIEW
This important issue has attracted the general attention of scholars at home and abroad, and the research closely related to this topic can be summarized as follows.
In the study of balanced development, the greenhouse effect is caused by CO2 emissions (Alvarado et al., 2021). The main reasons for the increase in greenhouse gases are economic growth and burning of fossil fuels such as coal, gasoline, and natural gas (Isik et al., 2021). With the continuous progress of industrialization and urbanization, the economy is growing rapidly, social productivity is continuing to improve, and energy consumption is emitting a large amount of CO2 (Feng, 2017). The resulting ecological problems have caused immeasurable economic losses (Qiao, 2022; Zhang, 2016; Yin, 2017). In recent years, an increasing number of scholars have undertaken research on low-carbon and sustainable development. Isik et al. (2021) investigated the validity of the environmental Kuznets curve (EKC) hypothesis in eight OECD countries. Munir et al. (2021) used comprehensive data from 31 provinces in China to study the impact of urban and rural migration and industrial agglomeration on environmental degradation at the regional development level, as well as the mitigation effect of urban and rural migration on the environment. Ahmed et al. (2022) proposed that industrialization and economic growth have had a significant negative impact on CO2 emissions. In terms of the balanced development of urban and rural environment in China, Liu (2017) proposed that the current problems of agriculture, rural areas, and farmers in China are mainly reflected in the single-crop rural agricultural industry, the backward agricultural production mode, the backward agricultural industrial chain, the gradual transfer of the rural labor force to urbanized areas, the large urban–rural income gap, and the continuous deterioration of the rural ecological environment. This author also proposed effective solutions, such as optimizing the structure of agricultural industry, improving the ecological environment, addressing and optimizing the quality and ability of the rural labor force, and improving rural income. However, in Henan Province, these serious problems still exist, so it is increasingly necessary to improve them through the aforementioned ways. Wang (2022b) found that there are some problems in rural Henan, such as the transfer of the rural labor force to urbanized areas, the increasingly serious destruction of land and water resources, and the single-grain crop with a low sales price. Therefore, it is necessary to develop a low-carbon economy, adopt a new path for industrialization, optimize and adjust the energy structure and industrial structure, change the development mode of a high-carbon economy, and gradually change the original industrial structure dominated by high-energy and high-consumption industries in Henan Province, adopting the development mode of low energy consumption and low consumption. Yuan (2022) proposed vigorously developing low-carbon technology, setting differentiated emission reduction targets, promoting an ecological civilization, and flexibly expanding carbon sink trading. We should fully implement the concept of “clear waters and lush mountains are gold and silver mountains;” coordinate the role of governments, enterprises, and individuals in the carbon sink market; flexibly expand carbon sink trading; and achieve common prosperity and the dual-carbon goal.
Regarding the dual structure of urban and rural areas, based on the investigation of the data related to dual carbon goal, it is known that carbon sink assets have huge economic value potential. As the hinterland of the Central Plains and a large province in China, Henan has rich carbon sink resources, but these have not been fully exploited and utilized. Through carbon sink trading, the coordinated development of urban and rural areas can solve ecological environmental problems on one hand and promote the common prosperity of urban and rural areas on the other hand. Zheng and Zhang (2022) proposed that carbon emission trading is more flexible, more sustainable, and therefore more effective in promoting the realization of the dual carbon goal. However, the carbon trading market system should be improved in several aspects, such as the determination mechanism of a total carbon emission standard, the initial allocation and auction system of carbon quota, the disclosure of carbon emission trading information, and the reward and punishment mechanism of carbon emission trading. Xie et al. (2021) asserted that domestic carbon sink projects have played an important role for forestry in tackling climate change, enriching carbon market trading products, reducing emission reduction costs, mobilizing social forces to increase awareness and action to combat climate change, increasing employment income and reducing poverty, expanding the ways and forms of forestry ecological compensation, and realizing the value conversion of carbon sink ecological products. Wang (2022a) argued that there are several problems in urban and rural development, such as imperfect policy systems, imperfect voluntary emission reduction management mechanisms, unclear project property rights, complex transaction processes for project development, relatively limited (single) carbon sink trading varieties and compensation mechanisms, an unclear understanding of forestry carbon sink trading, and high transaction costs and risks.
Regarding research on dual carbon constraints, in the decision-making process for developing a low-carbon economy and implementing carbon sink trading, many Chinese scholars have found through research that not only are there a large number of carbon sink resources in China but that there are also problems regarding their development and utilization. Tang and Luo (2022) proposed that actions must be taken to achieve peak CO2 emissions and to accelerate industrial transformation and upgrading, with strenuous efforts needed to build a low-carbon energy system. Fatima et al. (2022) argued that the adoption of environmental protection technology can reduce the use of energy. Tang and Jinglin (2022) proposed that digitization can reduce carbon emissions by optimizing the industrial structure, adjusting the energy structure, improving the efficiency of government governance, and changing people’s means of production and way of life. Munir et al. (2019) asserted that there is a long-term balance between energy consumption, gross regional product (GRP), urbanization, construction, and CO2 emissions, and that energy consumption growth, GRP growth, urbanization, and construction growth have a significant positive impact on CO2 emissions. According to Liu et al. (2021), given that China is one of the world’s largest economies, foreign direct investment (FDI), technological innovation (TI), and trade are crucial to becoming carbon neutral. To achieve carbon neutrality, China needs to increase the proportion of its renewable energy in its total energy mix. To meet China’s energy needs, the share of renewable energy must be increased in relation to the consumption of non-renewable energy. Ahmad et al. (2021) studied the long-term and short-term heterogeneous links among urban concentration, non-renewable energy utilization intensity, economic development, and the environmental emission index at the regional development level in China. Ișik et al. (2020) discussed the relationship between tourism revenue, renewable energy consumption, and CO2 emissions. Isik et al. (2021) studied the EKC and found that policymakers in U.S. states can determine and adjust their gold expenditure levels to prevent environmental degradation and GDP decline. According to Bai (2022), Henan Province is characterized by emerging industry and a heavy industry structure; energy consumption intensity is higher than the national average, especially in eastern developed areas, with the energy structure not being optimal in the fields of agriculture, chemical fertilizers, pesticides, agricultural films, diesel use, and agricultural irrigation, while ploughing has a significant impact on carbon emissions. Wang et al. (2022) proposed that the farmland ecosystem is a huge carbon pool and that Henan Province has developed agriculture, rich varieties of food crops, and extensive farmland, so it has the advantage of such exploitable resources. A low-carbon and high-quality agricultural development model can be realized by improving the agricultural low-carbon technology level, optimizing the energy structure, protecting the existing cultivated land, improving the agricultural production efficiency, optimizing the farming mode, adjusting the crop planting structure, and developing a circular agriculture model. Zhou and Hou (2021), based on the estimation of soil carbon sequestration potential and soil carbon sequestration economic analysis, concluded that the soil carbon library is the largest terrestrial ecosystem for carbon storage and that soil carbon sequestration has huge potential and multiple benefits, with most of the potential economic benefits being feasible in theory. However, the development of the soil carbon sequestration market is slow. Therefore, it is necessary to improve the soil carbon sequestration capacity in China, promote basic research and technical breakthroughs regarding soil carbon sequestration, strengthen the regulation and management of land use, and build a policy system with effective incentives. Wang (2017), in their evaluation of the carbon sequestration effect and the potential of the Farmland to Forest Project in Henan Province, also pointed out that this project has greater carbon sequestration potential under the harvesting scenario, so the carbon sequestration capacity of the Farmland to Forest Project can be improved by moderate logging after reaching the harvesting age. Feng (2017) concluded that land use is an important point for a low-carbon economy and carbon emissions, and also is one of the most important tools for carbon emissions control; however, while Henan has rich land resources, more research is required regarding land use in relation to carbon emissions, more help is required regarding land use planning, and there is a need for industrial structure regulation and development and improvement in several areas, such as a comprehensive guide on low-carbon economic and social development.
ANALYSIS OF UNBALANCED DEVELOPMENT BETWEEN URBAN AND RURAL AREAS IN HENAN PROVINCE
Single development path of the agricultural industry
As an important birthplace of Chinese civilization, Henan has thousands of years of civilization and was once considered a world leader. This raises the question of why Henan is so down and out now. With the emergence of scientific and technological civilization, Henan, which relies on agricultural civilization, has failed over time to keep up with developments, and the proportion of its agricultural economy has gradually declined in relation to national economic development. As a major agricultural province, Henan still has many problems in its agricultural development, although its agricultural production is growing steadily. This is mainly reflected in uncertainty in the industry, the mainly single variety of agricultural products, the unreasonable layout, and the lack of timely promotion of high-quality products.
As can be seen from Table 1; Figure 1, Henan, as the hinterland of the Central Plains, has the fertile alluvial plain of the Yellow River and unique natural conditions, which are extremely suitable for crop growth, but this has also created a strange phenomenon in Henan: the variety of agricultural products is relatively limited (single); and the layout is not reasonable. Henan, in terms of the agricultural production of plants, mainly produces food crops such as wheat and corn, and the crops here are all the base products. Furthermore, economic efficiency is not high, most farmers do not dare to be bold in terms of innovation, and it is difficult to achieve breakthroughs in the industrial structure; in contrast, in Jiangsu and Zhejiang, Fujian, this phenomenon can lead to the high value of agricultural products. Moreover, high-quality varieties have not been promoted in a timely manner. At present, the corn and wheat seeds used by farmers in most rural areas of Henan Province have no fixed brand, and there is a great imbalance. The popularization and use of seed research and development technology is limited, and the new technology is not fully promoted, resulting in great uncertainty and variations in grain yield.
TABLE 1 | Sown area of crops in Henan Province from 2016 to 2020.
[image: Table 1][image: Figure 1]FIGURE 1 | Output of major grain crops in Henan from 2016 to 2020.
The structure of the agricultural industrial chain is backward
From Figure 2, it can be seen that the short agricultural industrial chain in Henan Province is mainly reflected in the low level of agricultural mechanization, the insufficient growth of leading agricultural enterprises, and the lack of long-term unified planning for the agricultural industry, resulting in low agricultural benefits. Most agricultural products in Henan Province are still rough-processed, and there are few deep processing and fine processing agricultural products. There is little direct connection between agricultural production and agricultural enterprises, and the development of order agriculture, digital agriculture, and other models is insufficient.
[image: Figure 2]FIGURE 2 | Structure of the agricultural industrial chain in Henan Province.
The processing mode of agricultural products in Henan is backward, and the price is low. For farmers, most agricultural products are sold in the state of harvest, almost without processing, so farmers earn the lowest price. The agricultural sales link also has problems; even though the agricultural harvest and agricultural products increase every year, farmers still do not make money. The root of the problem is that agricultural products cannot be sold or only sell for low prices, so farmers cannot make money, let alone get rich. In addition, Henan Province’s agricultural production lacks long-term unified planning, full play is not given to the scale effect, and local agricultural products lack a brand effect; the problem lies in not establishing a comprehensive agricultural sales system, relying instead on the ability of farmers to sell agricultural products. At the same time, in most rural areas of Henan Province, the main agricultural economic subjects are farmers, so it is difficult to form economies of scale and difficult to adapt to the needs of modern market economy. Farmers can only have a single agricultural product sales model; they go to the countryside to collect food, and selling food crops cheaply accounts for the majority of Henan rural sales channels for farmers. As the agricultural product price is low, farmers’ income is low, which leads to the enthusiasm of rural farmers gradually decreasing and their traditional power weakening, which in turn leads to more and more farmers giving up farming and leaving their villages. More and more farmers are choosing to work in cities, meaning that the rural labor force is gradually flowing to the cities.
Urbanization of the permanent resident population in Henan Province is continuing to increase
With the continuous development of urban industrialization and urbanization, the urbanization rate of the permanent resident population in Henan Province is also increasing through the data survey (as shown in Figure 3). At the end of 2021, the permanent resident population of Henan Province was 98.83 million, including 55.79 million urban residents and 43.04 million rural residents. The urbanization rate of permanent residents was 56.45%, 1.02 percentage points higher than that at the end of the previous year. There were 793,000 births, and the birth rate was 8.00 per thousand; 73,000 people died, with a mortality rate of 7.36‰. The natural population increase was 63,000, with a natural growth rate of 0.64‰.
[image: Figure 3]FIGURE 3 | Urbanization rate of the permanent resident population in Henan Province from 2016 to 2020.
At the same time, in 2021, Henan added 1.2539 million urban jobs, 404,600 urban unemployed people were reemployed, and 138,400 urban people with employment difficulties were employed. The registered urban unemployment rate at the end of 2021 was 3.40%. An additional 476,300 rural workers were transferred to new jobs, and 202,300 returned to their hometowns to start businesses. A total of 31,343,300 rural laborers were transferred, of which 18.7836 million were transferred within the province and 12.5597 million were exported from outside the province.
There is a large income gap between urban and rural residents in Henan
With the continuous development of society, the total income of urban residents per capita and the total income of rural farmers in Henan Province is showing a rapid growth trend.
Figure 4 clearly shows that the per capita disposable income of urban residents in Henan increased from 27,200 yuan to 37,500 yuan from 2016 to 2020. The per capita disposable income of rural residents increased from 11,700 yuan to about 16,100 yuan. The total income of urban and rural residents maintained a steady upward trend, but the income gap was still large. At the same time, the growth trend of urban residents’ per capita disposable income was stronger than that of rural residents, and the gap was gradually widening.
[image: Figure 4]FIGURE 4 | Comparison of urban and rural residents’ income in Henan Province.
The income of farmers is composed of five major sectors, namely, productive income, operational income, property income, labor income, and policy income. After many years, these five major income streams have entered a bottleneck period, and there is basically no growth. Even though the central government’s transfer payment is generous, and tens of trillions of dollars are invested in agriculture, rural areas, and farmers every year, this has not increased farmers’ income. Henan Province has a large population, with about 122 million people (in the seventh census in 2021). According to the statistics of the National Bureau of Statistics, Henan has the largest number of migrant workers, with about 1,845 people working every year. At the same time, higher education resources are in short supply, with only one Project 211 university. People in Henan cannot only grow food; however, there is a lack of good universities to provide a good future and to develop science and technology, and without good scientific research institutions, it is difficult to develop the economy. For Henan farmers seeking work, due to low technical skills, work to sell labor, and low wage income, coupled with the cost of leaving home, their natural income is far lower than that of urban residents. Although rural areas under the socialist system have witnessed some improvements in medical facilities and various social security aspects, some remote villages are still in a relatively backward state, suffering from inconvenient transportation, limited medical facilities, relatively poor education, and gaps in social security.
The industrial structure of Henan is not reasonable
The total industrial added value of Henan in 2021 was 1,878.530 billion yuan, an increase of 5.4% over the previous year.
As shown in Figure 5, the added value of industrial enterprises above designated size in Henan province increased by 6.3% over the previous year. By category, the added value of mining fell by 7.6%, manufacturing by 7.7%, and electricity, heat, gas, and water production and supply by 3.6%. By key industries, the added value of the energy and raw material industries increased by 2.0%, accounting for 44.1% of all industries above the designated size. Manufacturing of consumer goods grew by 8.4%, accounting for 26.1% of industries above the designated size. The five leading industries grew by 9.6%, accounting for 46.1% of industries above the designated size. Traditional pillar industries grew by 2.1 %, accounting for 48.4% of industries above the designated size. Industrial strategic emerging industries grew by 14.2%, accounting for 24.0% of industries above the designated size. High-tech manufacturing grew by 20.0%, accounting for 12.0% of industries above the designated size. Industries with high energy consumption grew by 2.1%, accounting for 38.3% of industries above the designated size.
[image: Figure 5]FIGURE 5 | Total industrial added value of Henan Province from 2017 to 2021 and its growth rate.
It can be seen from the data that, while the industry is developing rapidly, the problems and challenges facing the industrial development of Henan Province are as follows: the industrial structure is unreasonable; the level is low; small enterprises still account for the vast majority; the degree of concentration is not high; and the level of product structure is low. The overall level of Henan’s products is low, with more primary products of resources and rough processing, and fewer middle and high-end products with high added value and deep processing. There are many high-energy consumption and high-pollution products. There are more general agricultural products, but few high-quality and efficient agricultural products. Industrial development is still dominated by material resource consumption, and the contribution of science and technology is low.
The rural ecological environment in Henan is deteriorating
There are many environmental problems in the process of rural urbanization in Henan. Urban expansion, encompassing industrial land, residential land, construction land, and transportation facilities land, has led to the rural arable land area decreasing sharply, the increasing desertification of the land, most township farmers losing their land, and the marginalization of rural farmers because of the loss of farming land, giving up farming, and going out to work, resulting in barren farmland. At the same time, the backward production mode of Henan agriculture has caused a prominent clash between the environment and resources. Farmers’ short-term behavior, in order to increase production and increase value, such as the long-term extensive use of chemical fertilizers and pesticides, is causing soil and water pollution. Owing to land consolidation and soil acidification, fertile land resources are declining sharply, and the traditional agricultural flood irrigation method is causing a great waste of water resources, resulting in more water scarcity. Furthermore, due to the deforestation of a large number of rural areas, soil erosion is becoming increasingly serious, and the problem of agricultural land conversion is also serious, leading to the arable land area gradually shrinking, and land desertification is also a serious problem. At the same time, the unregulated discharge from urban industries is causing groundwater pollution and the shortage of drinking water resources for farmers. In the context of the development of industrialization, the waste treatment facilities are not perfect, villagers’ environmental protection consciousness is weak, and regulations are not in place, among other problems, leading to industrial gas emission, industrial waste not being handled properly, industrial pollution negatively affecting the environment, more litter, sewage being drained off, and problems of water and soil pollution. This situation has caused the destruction of China’s agricultural ecosystem and the deterioration of the rural ecological environment.
VALUE OF RURAL CARBON SINK ASSETS AND URBAN LOW-CARBON COST IN HENAN PROVINCE
Status of rural carbon sink assets in Henan Province
At present, the carbon sink projects that have been carried out in China include grassland carbon sink, forest carbon sink, and marine carbon sink, while there are few carbon sink projects involving agriculture. Agriculture is the second largest source of carbon emissions in China. Promoting carbon emission reduction and sequestration in agriculture and rural areas is an important part of achieving carbon peak and carbon neutrality. As an important agricultural province and a major grain-producing area, Henan Province’s carbon emission intensity is much higher than the national average level, and it also has relatively rich carbon sink resources.
The agricultural ecosystem has a huge potential capacity to sequester carbon. If the rate of straw return in China increases from the current 15% to 80%, the balance of soil carbon in China’s farmland will change from the current annual net discharge of 9.5 × 107tC to the absorption of 8.0 × 107tC from the atmosphere. Assuming that comprehensive measures can increase soil organic matter by 30%–40% within 30 years, China’s cultivated land alone can increase carbon sequestration by nearly 1.0 × 109tC. Adopting reasonable agricultural measures to increase the carbon sequestration capacity of agricultural soil will play an important role in mitigating climate change. The irrigated area of farmland in Henan Province is 5,403.67 thousand hectares, and the farmland soil in Henan Province has obvious potential for carbon sequestration and emission reduction. Under the influence of farmland soil management activities, such as cultivation, irrigation, and fertilization, the quality of the agricultural soil carbon pool will change rapidly, thus affecting the total amount of greenhouse gases in the entire atmosphere. In recent years, the carbon sequestration and the carbon sequestration intensity per unit of sown area in Henan Province have shown an increasing trend. The carbon sequestration capacity of the farmland ecosystem in Henan Province has been continuously enhanced, and the carbon sequestration is greater than the carbon emissions. In the decomposition of carbon source factors, the improvement of the agricultural energy utilization level, the agricultural low-carbon technology level, and the control of the labor force scale can effectively reduce carbon emissions. In the decomposition of carbon sink influencing factors, the carbon sink coefficient and the carbon sink technology level have positive effects on carbon absorption, and wheat has the strongest carbon sink capacity.
Soil carbon sink in farmland is transformed from a carbon source to a carbon sink by adopting conservation tillage measures, expanding the paddy field planting area, increasing the application of organic fertilizers, increasing straw return to the field, land use mode, and crop rotation system, making a significant difference to the soil organic carbon pool. The farmland soil carbon sink project is based on the function of soil carbon sequestration and emission reduction. The carbon sequestration service is paid for by the carbon sequestration party to offset the carbon emission in the environment.
Example of carbon sink trading in Henan Province
Li Xiao-long from Zhengzhou, Henan Province made 30 million yuan from carbon trading in 2019 and 2020. Many people think he is an air or coal seller, which is an incorrect perception. Even Li Xiao-long’s father did not understand this and thought his son was being defrauded by a pyramid scheme. In fact, it is a kind of carbon sink trading, and “carbon emission manager” has been listed as a professional role by the state. The state sets the total amount of carbon emissions each year and caps the amount of emissions granted to relevant enterprises. Surplus credits can be traded on the national carbon market and sold to companies with excess carbon emissions. In this way, more refunds and less subsidies will ensure that the total national carbon emission does not exceed the target each year. In order to reduce emissions and save money, enterprises will also strive to achieve environment-friendly development. Regarding Bruce Lee, in 2019 and 2020, the company’s carbon emission surplus was more than 800,000 tons, resulting in a carbon sink trading profit of more than 30 million yuan. The actual number of carbon sink employees in Henan is about 100. The demand for carbon sink employees is high, the employment prospects are very good, and the income is considerable.
The development prospects for carbon sink trading in Henan are good
A unified national carbon emission trading market was established at the end of 2017, and the first carbon sink trading was officially launched on 1 January 2021. According to the National Development and Reform Commission, the trading volume of China’s carbon trading market is expected to reach 250 million tons in 2021, and the annual turnover will reach 6 billion yuan. Compared with the 13th Five-Year Plan period, the trading volume of carbon sinks during the 14th Five-Year Plan period is expected to increase by three to four times, and the accumulative trading volume is expected to exceed 100 billion yuan by 2030.
Regarding the 2022 decision to comprehensively advance the rural revitalization of the key work, the State Council of the Central Committee of the Communist Party of China emphasized the reduction of development and the application of carbon-sink-type agricultural technology, promoting agricultural carbon sink value realization, promoting the development of green agriculture and rural areas, rural ecological revitalization guidance work, exploring establishing carbon sink products’ value realization mechanisms, and developing agricultural carbon sequestration potential for reducing emissions. China’s rural areas have great potential in low-carbon agriculture and carbon sink. On one hand, they can contribute to the national carbon emission reduction work. On the other hand, they can provide financial support for farmers through carbon sink trading, improve agricultural production modes, and increase farmers’ income.
Henan is located in the Central Plains and the middle and lower reaches of the Yellow River, encompassing a total area of 167,000 square kilometers, and is a province with a large population in China. There are many mountain ranges between Henan and other provinces, and the existence of these mountains undoubtedly constitutes a large amount of forest carbon sink resources for Henan. In addition to mountainous areas, there is also a large plain area in the central and eastern parts of Henan Province. As a strong agricultural province, the cultivated land in the plain area also represents a large amount of natural soil carbon sink resources for Henan Province. In the analysis of the current situation of Henan Province, we can also see that, in recent years, the annual urban industrial development of Henan Province has been consuming a large amount of energy, resulting in high pollution, and the agricultural ecological environment has also been deteriorating. Therefore, Henan Province set up its own carbon trading platform, looking for buyers for low carbon emission reduction projects through the market mechanism. The aim is for carbon sink projects to attract more social funds, with technology and personnel participating in the construction and development of the agricultural carbon sinks projects, as well as attracting more resources for carbon sequestration management, which will not only improve the land’s ecological environment quality but also address the agricultural increase remit. Furthermore, the rich variety of carbon trading products, reducing the discharge costs of industrial enterprises, and making more carbon sink project emission reductions are all key elements in the carbon trading market, helping improve the carbon market trading activity and further promoting the coordinated development of urban industry and rural agriculture, going far beyond simple reduction activity and having practical outcomes and far-reaching significance. Therefore, Henan’s “carbon sink trading” market has good prospects.
Necessity of low carbon cost for urban industrial development in Henan Province
The inertia of Henan’s traditional extensive economic growth model is continuing to escalate, exacerbating the constraints of resources, energy, and the environment on economic growth, coupled with the situation that Henan has the largest population; thus, compared with the whole country and other provinces, Henan’s resource and energy supply shortage is particularly obvious.
The country’s per capita resource base reserves of oil, natural gas, coal, and primary electricity and other energy are several times larger than those of Henan. As can be seen from Table 2, the per capita resource base reserves of Henan Province are relatively low, but the energy consumption is relatively high, and far higher than the total energy production. The annual comprehensive energy consumption of industrial sectors above the designated size in Henan Province reaches nearly 150 million tons of standard coal, and the power consumption index of Henan Province’s unit GDP reaches more than 1300 kWh/ten thousand yuan, which is much higher than that of developed provinces such as Jiangsu and Zhejiang, as well as Shandong and Anhui. At the same time, there are more than 700 industrial enterprises consuming more than 10,000 tons of standard coal per year. Henan’s energy supply is increasingly tight, and its energy consumption is increasing day by day.
TABLE 2 | Comparison of total primary energy production and consumption in Henan Province from 2016 to 2020.
[image: Table 2]Therefore, Henan must change the mode of industrial economic development in order to achieve sustainable economic development. The low-carbon economy in Henan’s development needs to focus on the input and output efficiency and economic returns, which requires us to optimize the allocation of resources, improve the quality and efficiency of economic development, change the economic growth mode, optimize the industrial structure, reduce the energy consumption of industrial production, update consumption patterns, and reduce the cost of urban industrial low-carbon industries. We must develop a low-carbon economy and take a new path for industrialization. To optimize the adjustment of the energy structure and the industrial structure, as well as the transformation of the high-carbon economy development mode, the concept of a low-carbon economy must permeate almost every aspect of society, via the development of “low-carbon economy” urban industries created through the effective promotion of sustainable development of policy mechanisms and security systems in order to better promote the industrial upgrading and enterprises’ technological innovation in Henan Province. In Henan Province, the original industrial structure dominated by industries with high energy consumption and high consumption should be gradually changed, and the development mode with low energy consumption and low consumption should be gradually adopted.
CONSTRUCTION OF A COORDINATED DEVELOPMENT MODEL FOR URBAN AND RURAL AREAS IN HENAN PROVINCE
Improve the carbon sink trading system and policy system

1) The government should improve the incentive policy mechanism and reward and punishment policies.
The government plays an extremely important role in promoting the development of rural carbon sink trading. It is necessary to strengthen the support for rural grassroots participation in carbon sink assets and the mutual assistance mode of urban–rural trading. At the same time, we need to increase support for agriculture, encourage farmers to develop agricultural production, raise the prices of agricultural products, and stimulate farmers’ enthusiasm for agricultural production. We need to encourage migrant workers and college students to return to their hometowns to start businesses, improve the overall quality of the rural labor force, vigorously develop modern planting techniques, and thoroughly develop the rural economy and agricultural production. Governments at all levels need to attach great importance to the development of agriculture, actively participate in carbon sink trading, increase farmers’ income, and improve the national economy.
At the same time, the government should promote the trading of ecological resource rights and interests in an orderly manner. In accordance with the principle of “compensation for occupiers, restoration for damages, payment for beneficiaries, and profit for protectors,” we need to make comprehensive use of natural resource policies and gradually create a system for realizing the value of ecological products. The use of incentive policies and punishment rules can achieve the effect of the two-way regulation and control of enterprise performance risk. The institutional arrangement with clear rewards and penalties can not only crack down on illegal behaviors that hinder the carbon emission trading market but also stimulate the participation and activity of urban enterprises and rural individuals, in order to cultivate their awareness of carbon emission reduction, with the law playing a guiding and educational role.
2) We should pay attention to social publicity and raise farmers’ awareness.
Farmers are energy producers and consumers. As a major agricultural province, Henan Province accounts for large number of farmers in the country. However, the overall quality of farmers in Henan Province is still not high, and most of them still retain traditional concepts and do not understand the importance of low-carbon agriculture. The low-carbon development of rural areas requires extensive participation of farmers, and there is a need to guides farmers to actively participate in low-carbon actions. Government units should strengthen social publicity and theoretical and practical training; in particular, relevant departments and local leaders should correctly understand and publicize the value of carbon sink trading, thus stimulating farmers’ enthusiasm for innovation and creation. The ecological awareness of farmers should be strengthened, and the publicity regarding farmers and various platforms should be combined to introduce the basic concept of low-carbon projects and the necessity of development to them, thus consciously establishing the awareness of low-carbon development. Incentive mechanisms, such as advanced selection, should be established to enhance farmers’ enthusiasm to participate in carbon sink trading.
Improve the land use mechanism
Changes in land use patterns affect the carbon cycle of terrestrial ecosystems. Land utilization can be reduced, land yield can be increased, crop planting area can be expanded, and carbon sequestration capacity can be enhanced. We need to coordinate projects, such as comprehensive land improvement, high-standard farmland construction, the comprehensive utilization of agricultural waste, the improvement of the living environment, and the development of ecological and circular agriculture, to improve the biodiversity of farmland ecosystems and to reduce agricultural non-point source pollution. We need to attach importance to the protection of cultivated land and increase soil carbon storage. As an important element of agricultural production, cultivated land is not only an important subject for carbon emissions but also an important element of carbon sequestration.
As a major agricultural province in China and the core area of national grain production, Henan has a vast land area, so it should play a greater role in balancing national food security and dual carbon goal, reduce carbon input in production, and increase the carbon sink capacity of the cultivated land ecosystem. We should continue to pay attention to the ecological security of cultivated land, encourage the return of straw to the field, and reduce environmental pollution. We should actively develop an ecological cycle and carbon sequestration agriculture with low input, high yield, and low emissions and expand the coverage of ecological planting, farming, and arable land. We need to vigorously develop field crops, such as rice and wheat, with high carbon sequestration benefits and low carbon sequestration costs and increase the carbon sink of crops while ensuring national food security. At the same time, we should return farmland to forests, afforest barren mountains, and strengthen the management of plantation forests. We should focus on solving common problems, such as soil erosion, acidification, and salinization; advocate soil testing and formula fertilization; promote the application of organic fertilizers; increase soil organic matter; minimize the use of chemical fertilizers and pesticides; and reduce carbon input. We need to conduct ecological accounting for the annual carbon sequestration of ecological resources, such as forests, orchards, wetlands, and farmland, and establish an ecological carbon sink trading mechanism between governments at all levels and between governments and enterprises.
Explore the carbon sequestration potential of major rural resources in Henan Province
Henan is located in the Central Plains and has a huge potential for soil carbon sequestration and forestry carbon sequestration due to its innate geographical conditions. Against the background of increasingly urgent global climate governance requirements, soil carbon sequestration may become an important solution to mitigate climate change. In order to better explore the huge emission reduction and sink increase benefits of soil carbon sink in Henan Province, we should focus on the following work. First, we need to promote basic research and technical breakthroughs for soil carbon sink. Second, we need to strengthen the regulation and management of land use, as well as carrying out ecological restoration of degraded land, improving soil carbon sink capacity, and promoting the realization of carbon neutrality. Third, we need to build a policy system with incentive effects. The realization of soil carbon sequestration potential depends not only on technological development but also on sound supporting policies.
The forestry carbon sink project plays an important role for forestry in addressing climate change. Through the market mechanism, the forestry carbon sequestration project can attract more social funds, technology, and personnel to participate in forestry carbon sequestration project construction and development, and attract more resources into forest carbon sequestration management, which will not only improve the afforestation area for carbon sinks but will also improve the quality of the forest and promote forest sinks, thus effectively developing the important role of forestry in tackling climate change. At the same time, the existence of forestry carbon sink trading will also promote employment and increased income for forest farmers and alleviate poverty. Forest farmers participating in forestry carbon sink projects, such as afforestation, forest protection, and forest operation, can obtain employment opportunities and labor income. Compensation income through forestry carbon sink projects can provide an effective way to achieve poverty alleviation in poor areas. Forestry carbon sink not only expands the ways and forms of ecological compensation for forestry ecological construction and ecological protection and restoration but also realizes the value transformation of carbon sink ecological products, practicing the concept of “clear waters and green mountains are gold and silver mountains.”
Therefore, only by strengthening the carbon sequestration potential of rural resources can one achieve the implementation of carbon sink trading, promote the coordinated development of industry and agriculture, build a mechanism for industry feeding back to agriculture, promote rural development, and promote the increase of farmers’ income.
Build a mutual assistance mechanism for industry to feed back to agriculture

1) Establish the operational mechanism for the ecological carbon sink trading market in Henan Province.
To continuously develop and improve the carbon trading market in Henan Province, it is necessary to construct a platform for the carbon trading market, facilitate urban industrial carbon emission reductions for carbon trading programs, make carbon emissions quotas that can be sold in the trading platform, and set up the mechanism for carbon trading, thus improving urban industrial development and reducing the consumption of carbon, which will also benefit rural people at the same time.
As shown in Figure 6, this agricultural carbon sink trading mechanism comprises three main agricultural carbon trading entities (rural enterprises, professional organizations, and farmers), a carbon trading mechanism, and related mechanisms (a farmers’ benefit sharing mechanism and the mechanism for farmers’ cooperative organization). Enterprises that join the carbon trading institution voluntarily and legally commit to achieving their quantitative greenhouse gas emission targets by reducing emissions or purchasing carbon emission reduction targets from compensation projects. The function of rural professional organizations is to organize farmers, help farmers who are willing to implement low-carbon agricultural technologies sign contracts or orders, sell their greenhouse gas emission reduction indicators to carbon trading institutions, and then return the profits to farmers according to the signed contracts, in order to improve farmers’ income.
2) Improve the group cultivation mechanism for carbon sink trading in Henan.
[image: Figure 6]FIGURE 6 | Carbon sink trading mechanism.
We need to expand and cultivate medium-sized enterprises in Henan to become the main players in purchasing carbon sinks and strengthen cooperation with Internet enterprises to expand the group of carbon sink buyers. We need to strengthen territorial space management and control; enhance ecosystem service capacity; explore low-carbon land use patterns; promote development, utilization, protection, and restoration; adopt natural and artificial comprehensive governance measures; improve the quality and stability of ecosystems and enhance their ability to regulate the climate; sequester carbon and release oxygen; reduce emissions; and increase sink capacity. There is a need to cultivate all these areas in the carbon trading market; only if all these areas are addressed can there be buyers and sellers. Urban industrial units must actively participate in carbon sink trading so that urban industry can effectively reduce carbon emissions and effectively feed back into the development of agriculture. The buyers of carbon sinks can be enterprises, various green carbon funds, and civil organizations. Individual farmers, rural collective economic organizations, and rural professional cooperative organizations can provide or sell agricultural carbon sinks. In addition, intermediaries are also necessary participants in the agricultural carbon sink trading market. The participants of carbon sink trading need education and training on low-carbon knowledge before they can enter the trading structure and participate in market trading.
CONCLUSION
Agriculture is an important area in achieving the dual carbon goal. Promoting the dual carbon strategy in agricultural and rural areas is not only an important part of accelerating the construction of an agricultural ecological civilization but also an important measure in implementing the rural revitalization strategy. Against the background of the dual carbon goal, adhering to the principle of sustainable development and urban–rural integration, and according to the representative analysis of agriculture, rural areas, and farmers in Henan, Henan still has some problems, such as the unreasonable rural industrial structure, the single industrial structure, the backward production mode, increasing rural environmental pollution, low land-use efficiency, the low overall quality of the farmer labor force, and slow income growth. It is necessary to establish a mutual assistance model between urban and rural areas based on carbon optimization to realize the balanced development of urban and rural areas. Accordingly, we propose the following four suggestions:
1) Improve the carbon sink trading system in Henan. We need to strengthen overall planning at all levels of government to strengthen social publicity, to improve farmers’ awareness of participation, to constantly improve various encouraging policies, and to encourage urban industrial units and rural farmers to actively participate in carbon sink trading projects. Furthermore, government departments should implement plans more reasonably according to regional differentiation and local conditions.
2) Improve the land-use mechanism. Changing the land-use mode will affect the carbon cycle of the terrestrial ecosystem, reduce land utilization, improve the land yield rate, and expand the planting area of crops, thus improving the carbon sink capacity and enhancing the carbon sequestration capacity of the ecosystem.
3) Consolidate the main carbon-fixing potential in rural Henan. It is necessary to continuously strengthen the huge potential of soil carbon sink and forestry carbon sink in order for this to be more helpful in implementing rural carbon sink trading, to promote the coordinated development of urban industry and rural agriculture, to build a cooperative development mechanism of industry feeding back into agriculture, to promote rural development, and to promote the increase of farmers’ income.
4) Build an urban–rural mutual assistance mechanism in which industry feeds back into agriculture. By building industrial feedback into the agriculture mechanism of urban and rural mutual assistance, it will be possible to promote the principle of the carbon sink trading mode (for enterprises and individual trading), to help farmers participate in carbon sink trading through an income guarantee mechanism, to encourage enterprises to reduce carbon emissions, to drive the diversified development of rural agriculture, to promote the rural environment, rural labor, and young people in order to provide good employment opportunities, to improve farmers’ income level, to quickly promote the development of rural areas, to further reduce the gap between urban and rural areas, and to promote common prosperity.
In previous studies, many opinions and suggestions have been put forward, based mainly on the current situation of the urban–rural dual structure, the potential value of ecological carbon sink resources, and improving the carbon sink trading system, but there are relatively few views on how to promote the coordinated development of urban and rural areas by building a carbon sink trading market. The current study addresses this gap in two key ways. First, it focuses on the current situation of urban and rural development in Henan, combined with the current situation for the coordinated development of an urban and rural carbon sink market trading system, aiming to solve the problem of urban low carbon emission reduction, and also encouraging rural farmers to actively participate in the development of the carbon sink market, thus providing benefits both for farmers and enterprises through realizing the coordinated development of urban and rural areas. Second, against the background of the dual carbon goal, this study will be of great significance in the context of exploring carbon sink resources nationwide in adhering to the principle of sustainable development and urban and rural integration, and in establishing a mutual assistance model between urban and rural areas based on carbon optimization, which will be key in realizing the balanced development of urban and rural areas and the common prosperity of the people in China. A limitation should be noted, however, in that this study has only examined the low-carbon field. Future studies should conduct in-depth research on the zero-carbon field and the negative-carbon field in order to further solve the problem of urban–rural balance and ultimately achieve common prosperity for the people.
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Online purchasing is increasing because customers are shifting to digital wallets and digital money, as these services are provided by different microfinance and other commercial banking sectors, and different online brands are working in Pakistan to support environmental sustainability. The objective of this study was to demonstrate to what extent low distribution charges and low transit time is contributing to impulsive buying when customers can use digital money in Pakistan. The study was conducted using survey research. Importantly, 650 questionnaires were distributed to the respondents with a received response rate of 40%. The study found that digital money (e-wallet) is positively associated with impulsive buying. Moreover, the moderating role of distribution charges and low transit time has been significant in impulsive buying has been significant. This study concludes that low transit time and load distribution charges must be considered by online businesses and brands working in Pakistan to ensure productivity and capture a larger market share of impulsive buying in Pakistan. Also, the current study contributes a theoretical framework to the knowledge and literature related to impulsive buying. The scope of this study is limited to the online businesses and brands that are working to provide products and services to the Pakistani people with the help of digital money and digital transactions. Significantly, this study provides significant future directions that are important to consider for upcoming studies to focus on and contribute to effectively.
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INTRODUCTION
In the post-pandemic era, the trends of online purchasing have changed because people are shifting to digital wallets and digital money as these services are provided by different microfinance and other commercial banking sectors in Pakistan. This research is based on the gaps identified in the earlier literature. Indeed, the role of digital money is critical in online purchasing (Lee et al., 2022) but this study did not discuss the factors that are motivating the public to adopt e-wallets. On the other hand, the outbreak of the pandemic shifted people toward e-wallet purchasing, although the variables influencing people to adopt e-wallets were not discussed by Sari et al. (2021). Similarly, the role of low distribution charges and low transit time was not discussed in earlier studies (Rahayu & Prasetyatama, 2021; Shamim & Islam, 2022). Modern marketers are more concerned with electronic money and digital transactions for environmental sustainability and to reduce climate problems (Dodgson et al., 2015). However, as far as impulsive buying is concerned, the people of Pakistan are getting the opportunity to purchase from an online business while they interact with advertisements on social media related to the product or services. In this way, Febria & Oktavio (2020) highlight digital marketing and e-wallets as the influencing factors that are contributing to the impulsive buying of the people of Pakistan.
An e-wallet is a service for secure digital money transactions offered by different banks to improve the standard of living of people (Hidajat & Lutfiyah, 2022). Similarly, according to the study of Yong Lee et al. (2021), the usefulness of digital money or e-wallets refers to the manner in which people use digital money for routine life purchases. Moreover, Rahayu & Prasetyatama (2021) point out that e-wallet risk refers to the problems with using digital transactions for purchasing products and services in any market. Also, impulsive buying is when people have no idea or intention to purchase a product or service, yet they still make a purchase (Mainwaring et al., 2005; Lee et al., 2022). Additionally, low distribution charges refer to the money that people have to pay when they are purchasing any product and service from any business entity, as explained by Le & Lei (2018). Importantly, people are more concerned about the transit time of product or service delivery because they want to get the product as early as possible to satisfy their needs, as discussed in the studies of Jeong & Chung (2022) and Pholphirul et al. (2021). People are more concerned about their product and services and the delivery time not only in the case of impulsive buying but for other purchasing as well (Lummus et al., 2001; Hameed et al., 2018; Imran et al., 2019). The extensive use of e-wallets by customers in the modern era of advanced technology and online business platforms can reduce environmental problems (Tiwari et al., 2016). Not only does the government have a responsibility for environmental sustainability (Desch & Krishnamurthy, 2009), but, according to Nayyar & Arora (2019), marketers need to focus on sustainable marketing and run their businesses in an environmentally sustainable manner.
The objective of this study was to determine to what extent low distribution charges and low transit time is contributing to impulsive buying when people are provided with the opportunity of using digital money for environment sustainability in Pakistan. Paperless money is an emerging trend as businesses are shifting to digital transactions, and it helps in environmental sustainability and sustainable marketing because digital receipts are used as an alternative to paper receipts (Desch & Krishnamurthy, 2009; Rosenbaum, 2011; Tiwari et al., 2016; Gujrati, 2017). In this regard, the study by Febria & Oktavio (2020) was conducted to address the gap in the literature by determining the relationship between impulsive buying and digital money. Shamim and Islam, (2022) and Ahn & Kwon (2022) concluded that digital marketing plays an important role in impulsive buying. Furthermore, Liu et al. (2022) discussed the role of time pressure on impulsive buying. However, no particular study was conducted to determine the moderating role of low distribution charges and low transit time in impulsive buying, as demonstrated in the studies by Efendi et al. (2019) and Qingyang et al. (2018). Therefore, the theoretical framework of this study was designed with careful consideration by critically reviewing the earlier literature to address the moderation of low distribution charges and low transit time in the relationship between impulsive buying and digital money for sustainable marketing and a sustainable environment in Pakistan. In addition, impulsive buying is an emerging marketing technique quite useful for businesses (Farid & Ali, 2018; Sofi & Najar, 2018; Ahn et al., 2020; Xiao et al., 2020; Natswa, 2021). The scope of this study is limited to the online businesses and brands that are working to provide products and services to the Pakistani people with the help of digital money and digital transactions.
This study is significant because it is designed to provide important theoretical as well as practical implications that are related to the role of digital money and e-wallets in impulsive buying for environmentally sustainable business practices in Pakistan. Not only does this study provide an appropriate contribution to the literature with a significant theoretical framework, but it also provides practices for online businesses to develop different strategies for ensuring the best services for the impulsive buying of Pakistani people according to the goals of sustainable business development. Importantly, impulsive buying has increased with the modern tools of marketing and communication (Habib & Qayyum, 2018; Muthiya et al., 2021; Liu et al., 2022). Moreover, this study provided significant implications related to the low transit time and load distribution charges that must be considered by the online businesses and brands working in Pakistan to ensure productivity and capture a big market share of impulsive buying in Pakistan. This study is based on the novel idea that, as emerging economies are being digitalized, the awareness about e-wallet usefulness, distribution charges and transit time would facilitate businesses to generate more sales in their target markets. Lastly, this study provides significant future directions that are important to consider for upcoming studies to focus on and contribute to effectively. 
LITERATURE REVIEW AND THEORETICAL FRAMEWORK
The theoretical framework of this study is grounded in Hawkins Stern’s impulse buying theory. In this theory, Stern proposed that consumers indulge in impulsive buying behaviors under the influence of external forces (Zhang et al., 2007; Heath et al., 2020). He emphasized that marketers can convince customers to purchase more than they need (Habib & Qayyum, 2018; Ahmad et al., 2019; Miao et al., 2019; Gulfraz et al., 2022), and that price and distribution are fundamental factors leading customers to impulsive buying, as indicated by Sun & Wu (2011) and Shamim & Islam (2022). Further, Stern claimed other factors include motivation, promotions, advertising, outstanding displays, features, and service quality (Legaspi et al., 2016; Barakat, 2019). In addition to this theory, this study aims to evaluate the moderating role of low distribution charges and low transit time in the relationship between the adoption of e-wallets and impulsive buying as this gap was identified by Qingyang et al. (2018) and Efendi et al. (2019) in the context of online businesses. Indeed, as customers are utilizing digital wallets for purchasing (Mainwaring et al., 2005; Ridaryanto et al., 2019; Rahayu & Prasetyatama, 2021; Sari et al., 2021; Yong Lee et al., 2021; Hidajat & Lutfiyah, 2022), this study aims to contribute to the overall knowledge about impulse buying, and the practices followed by online businesses to influence customers to make impulsive purchases, while also following sustainable environmental business practices.
E-wallet usefulness and adopting e-wallets
The e-wallet is considered one of the most effective COVID-19 era tools for customers of any community to purchase products and services (Febria & Oktavio, 2020; Lee et al., 2022) because it is secure and reliable (Hidajat & Lutfiyah, 2022). In the past, people usually carried money as cash, which could be problematic, for example, when facing the challenges of carrying a lot of cash while traveling (Mainwaring et al., 2005; Narang et al., 2017). Moreover, according to the study by Rosenbaum, (2011), having cash is not environmentally friendly, as, in return for it, paper-based receipts are provided to the customers that threaten environmental sustainability. However, in light of the study by Rahayu & Prasetyatama (2021), the changing dynamics of digital wallets since COVID-19 have provided an opportunity for people to convert their cash into digital money and carry it in a long-term safe and secure manner with proper protection. Initially, there were different challenges for people to put their money into digital accounts (Shamim & Islam, 2022), because it was not easily accessible for everyone due to the belief that it is not secure (Rahayu & Prasetyatama, 2021; Lee et al., 2022). Indeed, Hidajat & Lutfiyah (2022) demonstrate that due to privacy and security issues, digital money was not always protected by the concerned companies, which led people to be reluctant to use digital money. However, with the development of information communication technology over time, improved protection of digital money has provided the opportunity for people to get digital wallets and save money for purchasing (Farid & Ali, 2018; Ahn et al., 2020; Yong Lee et al., 2021). Similarly, information communication technology has provided the opportunity for online businesses to grow in their target markets (Hameed et al., 2018; Racela & Thoumrungroje, 2020; Wu et al., 2022), as people have been provided with the opportunity of using digital money and platforms for digital transactions. People began to purchase products from online services because it was the most reliable and simplest method in the mature market (Akram et al., 2018; Parmar & Chauhan, 2018; Hashmi et al., 2019; Lee et al., 2022) where people have the opportunity to obtain information related to the product and services before purchasing. According to Hidajat & Lutfiyah (2022) and Lee et al. (2022), the usefulness of digital wallets provides the opportunity for people to get involved in digital transactions not only between businesses but also for transferring money from one individual to another in the post COVID-19 era. Digital money was capitalized on by online businesses and brands after the outbreak of the pandemic (Febria & Oktavio, 2020; Zhao et al., 2021), because it was the best opportunity to access target markets, and it is easier and more acceptable for people to purchase products and services from online businesses after the pandemic (Muthiya et al., 2021; Liu et al., 2022; Shamim & Islam, 2022). The successful operations of Alibaba and its growth in its target market are the best examples of how the use of a digital wallet system enabled people to purchase products and services safely from their homes during lockdown and after the pandemic (Sari et al., 2021; Yulianto et al., 2021). In reality, Alibaba is leading business practices regarding digital receipts for customers as an alternative approach to the paper receipts used in traditional business practices (Desch & Krishnamurthy, 2009; Rosenbaum, 2011; Nayyar & Arora, 2019).
Hypothesis 1. There is a relationship between e-wallet usefulness and adopting e-wallets.
E-wallet risk, adopting e-wallets, and impulsive buying
It is critical to understand the risks associated with digital wallets, because it is a hurdle to their adoption as a secure payment gateway (Sofi & Najar, 2018; Ahn et al., 2020; Febria & Oktavio, 2020). Importantly, following the pandemic, people are concerned about security and want a secure way to conduct transactions (Natswa, 2021). However, according to Hidajat & Lutfiyah (2022), after COVID-19, it has been observed that a digital wallet system is more appropriate for saving money on purchases, as it helps people to buy products and services when they have interacted with advertisements online. Further, customers are always concerned with impulsive buying (Miao et al., 2019) due to their direct dependence on digital wallet systems after the pandemic (Barakat, 2019). With impulsive buying, Shamim & Islam (2022) and Xiao et al. (2020) demonstrate that people have no intention to purchase products and services from online businesses, but they are triggered by the influence of different factors, one of which is the use of a digital wallet. On the one hand, if the people of any community were not provided with the opportunity of using a digital wallet system, it would be very difficult for them to impulse buy in the online business sector (Habib & Qayyum, 2018; Muthiya et al., 2021; Liu et al., 2022; Shamim & Islam, 2022). As a successful online business trend, it is critical to understand the role of digital money as it is useful in the post-pandemic era (Bunyamin et al., 2021), providing people with effective support and gateways to transfer money from one account to another to purchase products and services (Gulfraz et al., 2022). People who are purchasing from online brands are more concerned about digital wallets and secure payment systems, as discussed in the study by Thompson et al. (2014). However, with the success of eBay and Amazon, the digital wallet system is important because it allows people to purchase products and services from their homes without visiting a store to look at the products (Habib & Qayyum, 2018; Sofi & Najar, 2018; Hashmi et al., 2019; Bunyamin et al., 2021). Therefore, the trend of online businesses has increased because digital money is widely used by most members of the community who are directly or indirectly related to the purchase from the online businesses. Different studies on impulse buying found that the role of digital wallet system is important as it provides people with the opportunity for purchasing products and services (Bellini et al., 2017; Miao et al., 2019; Muthiya et al., 2021; Purwanto A. et al., 2021). On the other hand, if people in a community do not have access to digital wallets, as a result they have to visit physical stores in markets and purchase products and services during lockdowns, for example, due to covid-19-like pandemics (Febria & Oktavio, 2020; Rahayu & Prasetyatama, 2021; Sari et al., 2021; Lee et al., 2022). In addition to this, customers must replace cash money with digital money, and businesses should similarly replace paper receipts with digital receipts in an effort to make their business practices paperless and contribute to environmental sustainability (Rosenbaum, 2011; Song et al., 2013; Tiwari et al., 2016).
Hypothesis 2. There is a relationship between e-wallet risk and adopting an e-wallet.
Hypothesis 3. There is a relationship between adopting e-wallets and impulsive buying.
Moderating role of low distribution charges and low transit time in impulsive buying
In online business activities in the post COVID-19 era, the role of low transit time and load distribution charges matter a lot to the customer (Yaqub et al., 2022) who is purchasing the product or services (Dhandra, 2020; Muthiya et al., 2021). This is because people are always concerned with the price and time of online shopping deliveries, as discussed in the studies by Yulianto et al. (2021) and Farid & Ali (2018). Also, low transit time and load distribution charges are a factor of competitive advantage for different businesses in their target markets, because if any business is providing products or services at a very low cost of distribution, their customers are more satisfied (Lummus et al., 2001; Akram et al., 2018; Khoi et al., 2018; Pholphirul et al., 2021; Jeong & Chung, 2022). Similarly, in impulse buying, one of the critical factors is the emergence of digital wallets after the pandemic (Zhao et al., 2021; Lee et al., 2022), because they allow people purchase products from any online brand (Thompson et al., 2014). Further, when people interacted with any advertisement online before the outbreak of the pandemic, they went to a physical store and read the information related to the product or service, as demonstrated in the study by Shamim & Islam (2022). In addition to this, customers are concerned about the distribution time of their purchased products because they want to satisfy their needs for impulsive buying (Bellini et al., 2017; Lee et al., 2022; H; Purwanto et al., 2020). It is a psychological factor that customers are more concerned about low distribution charges when they are willing to purchase any product or service from online businesses (Imran et al., 2019; Miao et al., 2019; Liu et al., 2022). On the one hand, Lee et al. (2022) found that customers are willing to purchase products online because they do not have time to visit stores, for example, due to medical emergencies, and if they are more informed about products and services. On the other hand, Sari et al. (2021) demonstrated that online customers are more concerned about the delivery of products and services at the right time with the right cost because they compare the delivery time and cost with other brands in the same product line in the same market in the post COVID-19 era. Therefore, it is critical for brands, particularly online brands, to consider the important role of low distribution charges to provide reliable services to the customer and develop a competitive advantage through factors such as brand loyalty (Akram et al., 2018; Hameed et al., 2018; Miao et al., 2019; Jeong & Chung, 2022). Additionally, low transit time must be considered by the brands and the management of a brand to ensure that customers are provided with products and services as early as possible, as recommended in the study by Hameed et al. (2018). In this way, Imran et al. (2019) point out that it would be better for brands to develop a competitive advantage and critical success factor in the target market. Indeed, online brands like Amazon that are providing products and services to customers should consider lowering the distribution charges (Lummus et al., 2001; Akram et al., 2018). The theoretical framework of the study highlights the visual relationship between variables of the study and the relationship of variables in hypotheses development (see Figure 1).
[image: Figure 1]FIGURE 1 | Theoretical framework.
Hypothesis 4. There is a moderating role of low distribution charges in the relationship between adopting e-wallets and impulsive buying.
Hypothesis 5. There is a moderating role of low transit time in the relationship between adopting e-wallets and impulsive buying.
METHODOLOGY
Prepare questionnaire
In this study, the relationship between the variables was tested with the help of quantitative data that were taken from the respondents on a five-point Likert scale questionnaire. However, the scale items for this study were adopted from previous studies to collect data from the respondents. The scale items for e-wallet usefulness were adapted from Ridaryanto et al. (2019). Secondly, the scale items for e-wallet risk were adapted from the study by Ridaryanto et al. (2019). Thirdly, the scale items for adopting e-wallets were taken from the study by Ridaryanto et al. (2019). Fourthly, the scale items for impulsive buying were adapted from the study by Legaspi et al. (2016). Additionally, the scale items for low transit time were adapted from the study by Maxham, (2001). Lastly, the scale items for low distribution charges were adapted from the study by Liang et al. (2020). Furthermore, these scale items for each variable were reviewed by expert researchers to check the facial validity of the questionnaire. With the approval of researchers, the questionnaire was finalized and prepared to collect the data from the target respondents.
Data collection process
In this study, data were collected from the respondents by obtaining their consent to complete the study questionnaire. However, a random sampling technique was used in this study to collect the data. In this regard, the questionnaire was printed and distributed to the respondents who were individuals with experience of online purchasing with the help of a digital wallet. Furthermore, the survey-based questionnaire is easy to conduct and appropriate to get the data because it is saves time and cost of research. In this way, 650 questionnaires were distributed to respondents with an expected response rate of 40% (based on the response rate of 40% of earlier studies related to marketing and consumer behavior). Moreover, the email address of the researcher was given to the respondents as a point of contact to address any questions they had when regarding completing the questionnaires. All queries from respondents were answered promptly to get the best data from them. The questionnaires were collected and, after analyzing them in detail, 310 questionnaires were considered appropriate for the data analysis of this study to assess the relationship between the different variables outlined in the theoretical framework of the study. Thus, the sample size for this study is 310, which is appropriate in the light of earlier research. Importantly, the respondents were thanked for their time and contribution to the study.
FINDINGS
In this section of the study, the results of data analysis that were obtained by partial least square (PLS) calculations are presented. On the one hand, PLS Algorithm calculations were taken to check the convergent validity and discriminant validity for the scale items used in this study. However, on the other hand, the PLS Bootstrapping calculations were taken to determine the path coefficient and moderating relationship between the variables used in this study. In this way, the data analysis section of this study is discussed in detail.
Convergent validity
In this section of the study, the reliability and validity of the scale items were tested with PLS Algorithm calculations (see Figure 2). To begin with, the values of factor loadings were identified for each scale item used in the questionnaire study, and the results reveal that the value of factor loadings for each scale item is greater than the 0.60 recommended by Henseler & Fassott (2010). Similarly, the values of composite reliability (CR) and average variance extracted were tested, and according to the results the values of CR were not less than 0.70, and the values of AVE for each variable were greater than the 0.50 recommended by the study by Ramayah et al. (2018). The results available in Table 1 reveal the clear reliability and validity of the scale items used in this study.
[image: Figure 2]FIGURE 2 | Measurement model. EWU, E-wallet Usefulness; EWR, E-wallet Risk; AEW, Adopting E-wallet; IB, Impulsive Buying; LDC, Low Distribution Charges, and LTT, Low Transit Time.
TABLE 1 | Factor loadings, alpha, CR, and AVE.
[image: Table 1]Discriminant validity
This section of the study has the results of the discriminant validity test that was identified by the Heteritrait-Monotrait (HTMT) method by using PLS Algorithm calculations (see Table 2). The discriminant validity is tested to check the distinction between the scale items used in the variable of the study to collect the data from the respondents. HTMT is an advanced and reliable method adopted by the latest studies for testing discriminant validity (Ab Hamid et al., 2017). In this study, the results reveal that there is a clear discriminant validity between the scale items as the values of each variable were not greater than 0.90, as recommended by Hair Jr et al. (2017). Therefore, the study has clear discriminant validity for the scale items used in the questionnaire.
TABLE 2 | Discriminant validity (HTMT).
[image: Table 2]The PLS-SEMs results
In this section of the study PLS structural equation modeling results were taken by PLS Bootstrapping calculations (Figure 3). To begin with, hypothesis one was tested and the results reveal a significant relationship between e-wallet usefulness and adopting e-wallets (β = 0.538, t = 22.499, and p = 0.000). Secondly, hypothesis two was tested and the results reveal a significant relationship between e-wallet risk and adopting e-wallets (β = 0.486, t = 16.769, and p = 0.000). Thirdly, hypothesis three was tested and the results reveal a significant relationship between adopting e-wallets and impulsive buying (β = 0.192, t = 5.860, and p = 0.000). The results of the hypotheses are shown in Table 3.
[image: Figure 3]FIGURE 3 | Structural model. EWU, E-wallet Usefulness; EWR, E-wallet Risk; AEW, Adopting E-wallet; IB, Impulsive Buying; LDC, Low Distribution Charges, and LTT, Low Transit Time.
TABLE 3 | Hypotheses results.
[image: Table 3]Fourthly, hypothesis four was tested and the results reveal the significant moderating role of low distribution charges in the relationship between adopting e-wallets and impulsive buying (β = 0.804, t = 6.623, and p = 0.000). Furthermore, it was revealed that low distribution charges strengthen the positive relationship between adopting e-wallets and impulsive buying (see Figure 4). These findings show that low distribution charges have a significant influence on the relationship between adopting e-wallets and impulsive buying.
[image: Figure 4]FIGURE 4 | Moderation LDC -> IB. AEW, Adopting E-wallet; IB, Impulsive Buying, and LDC, Low Distribution Charges.
Lastly, hypothesis five was tested and the results revealed the significant moderating role of low transit time on the relationship between adopting e-wallets and impulsive buying (β = 0.784, t = 6.633, and p = 0.000). In the same way, a low transit time strengthens the positive relationship between adopting an e-wallet and impulsive buying (see Figure 5). These findings show that a low transit time has a significant influence on the relationship between adopting e-wallets and impulsive buying.
[image: Figure 5]FIGURE 5 | Moderation LTT -> IB. AEW, Adopting E-wallet; IB, Impulsive Buying, and LTT, Low Transit Time
DISCUSSION AND CONCLUSION
According to the results of H1 and H2, there is a significant role played by e-wallet usefulness and e-wallet risk in influencing the adoption of e-wallets. The findings of this study are in line with the findings of earlier studies (Ridaryanto et al., 2019; Rahayu & Prasetyatama, 2021). In modern times, digital money is considered one of the fundamental needs of human beings, as discussed by Hidajat & Lutfiyah (2022). Since digitalization has overtaken traditional types of transactions, e-money or digital wallets are therefore critical for people in the post-pandemic era (Hidajat & Lutfiyah, 2022). However, users are more concerned about the usefulness and associated risks of e-wallets, as the lockdowns led people to use digital wallets, as discussed by Sari et al. (2021). According to Yong Lee et al. (2021), if people are provided with a realistic and more advanced way of e-wallet risk elimination, then they would be more interested in adopting e-wallets or digital money for routine use in the post-pandemic era. According to the results of H3, there is a significant relationship between adopting e-wallets and impulsive buying. Similarly, the findings of this study line up with the findings of earlier studies (Mainwaring et al., 2005; Lee et al., 2022). Indeed, impulsive buying is influenced by many other invisible factors as well; however, the role of digital money transfers is also influencing impulsive buying (Legaspi et al., 2016; Muthiya et al., 2021). Customers in America are more likely to make purchases impulsively when buying through digital marketing because it gives them information related to the product and, after lockdown trends, they can still easily use digital wallets for purchasing (Shamim & Islam, 2022). The management of business organizations must provide the appropriate and reliable gateways of transactions to their customers, as it leads to impulsive buying (Habib & Qayyum, 2018; Zhao et al., 2021). Similarly, in the post-pandemic era, impulsive buying can be increased with the help of digital marketing and reliable tools for online purchasing, as discussed by the study by Ahn & Kwon (2022). The focus for brand management should be to improve digital transaction systems, as the transactional systems of Alibaba and Amazon are leading customers to buy impulsively (Legaspi et al., 2016; Qingyang et al., 2018; Dhandra, 2020).
According to the results of H4, there is a significant moderating role of low distribution charges in the relationship between adopting e-wallets and impulsive buying. The findings of this study are also aligned with the findings of earlier literature (Aw, 2019; Manss et al., 2020). Similarly, the results of H5 demonstrate that there is a significant moderating role of low transit time in the relationship between adopting e-wallets and impulsive buying. The results of this study validate the results of existing studies in literature (Ohnmacht & Scherer, 2010; Yulianto et al., 2021). Low distribution charges are considered a competitive advantage of business organizations in target markets during lockdown (Hidayatullah et al., 2019; Skordoulis et al., 2020; Mehmood & Hanaysha, 2022). Interestingly, after the COVID-19 lockdown, customers of online brands are more critical of the distribution and delivery charges of products, as discussed in the studies of Jeong & Chung (2022) and Hang et al. (2022). On the other hand, the logistics time is critical for customers, as most of the customers prioritize haste and expect the early delivery of products and services (Akram et al., 2018; Khoi et al., 2018; Miao et al., 2019; Jeong & Chung, 2022). In this way, according to the study by Oshodin & Omoregbe (2021), the focus of organizations must be to minimize the supply chain and logistics time to improve the competitive advantage in target markets because customers need to get product earlier in minimal time as they avoid visiting stores due to lockdown. Online businesses with the shortest time for logistics and product delivery are most acceptable to customers (Imran et al., 2019); therefore, the responsibility of the supply chain management department is to design activities and reduce transportation time and cost for customers (Lummus et al., 2001; Liang et al., 2020). Similarly, this study demonstrates the moderating role of low transit time and low distribution charges in purchasing products and services from ‘bricks and clicks’ businesses in Pakistan. In a nutshell, this study significantly highlights the impressive and critical moderating role of low distribution changes and low transit time in the satisfaction of customers and impulsive buying. In addition, this study determined the role of two moderators, contributing to the topic literature as well as practices of online businesses connected with e-wallet payment gateways. Therefore, the management of businesses must consider this critical role, and, with proper application, more opportunities could be provided to customers for impulsive buying from online businesses.
IMPLICATIONS
Theoretical implications
One of the prime objectives of this study was to provide significant theoretical implications for impulse buying and digital money for environmental and marketing sustainability in Pakistan. The study hypotheses discerned that, in the online business environment, there is a critical role for the digital wallet as a variable, as it provides a way for transactions between a brand and its customers. In earlier studies, the roles of low transit time and low distribution charges were not discussed as moderators in the relationship between the adoption of electronic wallets and impulsive buying in the context of Pakistan (Ridaryanto et al., 2019; Febria & Oktavio, 2020; Yong Lee et al., 2021; Hidajat & Lutfiyah, 2022). Therefore, this study has introduced the critical moderating role of low distribution charges and low transit time on the relationship between e-wallet adoption and impulsive buying. This theoretical framework and significant moderating hypotheses have enhanced the body of knowledge concerning these significant variables. On the other hand, no significant study has provided the relationship between e-wallet risk and adoption of e-wallets. Further, this study introduced that, for e-wallet adoption, the role of e-wallet usefulness and e-wallet risk is critical as it influences people choosing to adopt a digital money system. Therefore, this study added to the theory that with this customer attitude, businesses need to focus on the use of digital transactions and digital receipts that make business practices environmentally friendly. Indeed, this research contributed to the theory that there is a critical role for digital marketing in the transaction between the customer and impulse buying, but it must be done in a way to ensure that proper information related to the low transit time and low distribution charges are provided in advertisements, as this can trigger a customer’s decision to purchase product or services immediately. Additionally, this study contributes to the literature by defining the relationship between impulsive buying and electronic wallets that could facilitate future researchers in understanding these relationships.
Practical implications
This study also provides significant practical implications for online businesses in Pakistan related to marketing and impulsive purchasing, including sustainable business practices. Indeed, the trend of online marketing and online purchasing increases when people are provided with the opportunity of digital and electronic payment systems. In this regard, the digital wallet has changed the dynamics of traditional businesses, shifting the organization and its customers to purchasing online. Therefore, this study provides significant theoretical implications related to impulsive buying with the moderating role of low transit time and low distribution charges. To begin with, it is the responsibility of business management to ensure that marketing campaigns are providing relevant information about the low transit time of the delivery of the product and services. Moreover, it must be ensured that the cost advertised related to the product and services distribution must be lower than competitors because customers compare the cost of distribution with other competitors. It also helps businesses to gain a lower cost advantage in their target markets. Additionally, it is the responsibility of business management to ensure that an effective payment gateway is provided for the transaction of digital money and receipts to customers in return for products and services. Importantly, by providing these services, a business can develop a competitive advantage in their target market, particularly in mature markets. Similarly, it is the responsibility of business management to ensure the customer that the digital payment gateway is reliable and secure for the transaction of money and that it also leads to business and environmental sustainability. In this way, the customers’ sense of security and the usefulness of electronic wallets could be developed, making purchases more attractive and increasing the likelihood of impulsive buying with the help of effective digital marketing.
LIMITATIONS AND FUTURE DIRECTIONS
This study was conducted to determine the role of e-wallets in impulsive buying, and the moderating role of low distribution charges and low transit time in the business sector of online brands in Pakistan. However, this study has some limitations that need to be addressed by future studies. Firstly, this study tested the moderating role of low distribution changes and low transit time on the relationship between the adoption of e-wallets and impulsive buying, but future studies must consider the moderating role of digital marketing in the relationship between e-wallets and impulsive buying. Secondly, the literature review section also disclosed that information communication technology has influence on the adoption of e-wallets; therefore, future studies must consider the mediating role of information communication technology in the relationship between e-wallets and impulsive buying. Thirdly, the e-wallet loans trend is increasing as many microfinance sectors are providing opportunities for e-wallet loans; therefore, the mediating role of digital wallet loans on the relationship between e-wallets and impulsive buying should be tested in future research. In this regard, addressing these limitations would further improve the contribution to the literature as well as the practices of online businesses for impulsive buying of customers in Pakistan.
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The dual-carbon strategy of China affects all walks of life, all of which will be affected in realizing these goals. The same is true of the education sector, and China has the world’s largest education population. The education sector has a large potential to reduce carbon emissions due to its high carbon consumption. Based on the requirements of carbon emission reduction in education, this paper studied the contribution of digital teaching and learning and the education sector toward reducing carbon emissions and discusses how to promote the mechanism construction of carbon emission reduction in the education sector. The study used a comparative analysis and questionnaire research method to analyze the impact of digital teaching and learning on energy saving and emission reduction in the education sector. Research shows that using the Internet and fully utilizing the advantages of digital teaching and learning could improve the quality of teaching, reduce carbon emissions, and help achieve the goal of dual-carbon.
Keywords: goal of dual-carbon, promotion and implementation, teaching and learning, instructional design, Internet-based learning environments
1 INTRODUCTION
As an important strategic decision, the dual-carbon strategy of China is not only an energy and environmental issue but also a social issue that will have a significant impact on people’s lives and development. Since 2007, China has become the world’s largest emitter of carbon dioxide, accounting for about 30% of the world’s total in 2018 (Ren et al., 2021). As of 2019, China’s carbon dioxide emissions have still not peaked or shown a slowing trend (IEA, 2021). At the 75th session of the United Nations General Assembly in 2020, China pledged to achieve a “carbon peak” by 2030, when carbon dioxide emissions will stop growing, and then gradually reduce after reaching this peak to achieve net zero carbon emissions, or carbon neutrality, by 2060. However, carbon in the target is bound to bring significant changes to industries (Liu et al., 2022). A large number of people in China’s education sector, along with the gradual expansion of schools and the sharp increase in the number of students, has led to a significant increase in energy consumption in schools, leading to a significant increase in China’s carbon emissions, yet schools are tasked with spreading social and cultural knowledge, training, and improving the next generation and are one of the most important places to spread the concept of carbon emission reduction. The education sector, therefore, has great potential to reduce carbon emissions and is a key focus for energy saving and emission reduction. Based on this, this paper explores whether digital teaching and learning can contribute to the implementation of dual-carbon goals by promoting energy saving and emission reduction in education.
Digital technology is a modern science and technology based on information and communication technology, with a modern information network as the carrier and digital knowledge and information as the production factors. Through digital technology, the teaching process becomes more flexible. The course teaching and teaching platform are combined and the implementation of digital teaching and learning significantly reduces the impact of the COVID-19 epidemic on normal teaching. School teaching is transformed from “offline” teaching to “online” teaching on a large scale. In September 2007, the Ministry of Education issued the “Notice on Carrying out Actions for Schools that Conserve Energy and Reduce Emissions,” requiring local educational administrative departments and schools of all levels and types to creatively work on energy conservation and emission reduction in light of actual conditions. The implementation of energy conservation and emission reduction in colleges and universities can effectively reduce carbon emissions, which is of practical significance in realizing the goal of carbon neutrality (Zhang and Yan, 2021).
However, there is a lack of systematic research on the impact of digital teaching and learning on carbon emission reduction at home and abroad. Based on previous research studies, this paper examines the impact of digital teaching and learning on the education sector in the context of the goal of achieving the dual-carbon strategy. Using comparative analysis and questionnaires, it analyses the advantages of digital teaching and learning and its impact on carbon emissions. First, the advantages of digital teaching and learning in terms of format, teaching capacity, and reduction of carbon emissions are analyzed in comparison with traditional teaching and learning. Second, by comparing and analyzing the carbon emissions of different countries, it is concluded that there is still more room for the adjustment of China’s energy structure; thus, the development of the digital economy could better save energy and reduce emissions, and digital teaching and learning, as a form of expression of the digital economy, could accelerate the achievement of the goals of the dual-carbon strategy.
2 A THEORETICAL MECHANISM FOR THE DIGITAL ECONOMY TO HELP ACHIEVE THE GOAL OF DUAL-CARBON
2.1 The positive impact of digital teaching and learning on the goal of dual-carbon
The digital economy takes data as its core, and it is characterized by rapidity, sustainability, and directness (Wang and Wang, 2022). To a large extent, the digital economy can effectively reduce the energy consumption of traditional industries, environmental deterioration, and achieve the sustainable development of society. For example, “forest” ants will pay treasure to users to reduce carbon emissions in daily life on virtual “green energy,” to “green energy” after reaching a certain value. The user can choose trees according to their own needs to plant. Ant Forest is a public service initiative to promote low-carbon energy saving and emission reduction, accumulating green energy through low-carbon behaviour.
2.2 The digital economy can transform teaching and learning
In the era of the digital economy, digital technology is closely related to people’s lives. For example, online education, listening to books online, and online knowledge payments are examples of the development of the digital economy in the cultural and educational sectors. Digital technology is also used in the teaching and learning process, and carrying out digital teaching and learning can better help teachers improve the quality of teaching and save energy. In the process of digital teaching and learning, a series of teaching topics can be conveyed, such as setting up a green and low-carbon consumption concept, advocating for students to save resources, and protecting the environment in their daily lives. At the same time, it can control the number of students in class, increase class duration, and implement digital teaching and learning. In addition, as a product of the digital age, digital teaching and learning has changed traditional teaching modes, reduced ineffective energy consumption, and improved the level of education through distance learning, online offices, and the construction of network information platforms. As we often say, “technology has changed our lives.” Realizing the goal of dual-carbon can not only improve our overall environment but more importantly, achieve low energy consumption and high efficiency. Therefore, the application of digital technology can not only improve the quality of teaching and help students develop comprehensively, but also reduce carbon emissions and promote the implementation of dual carbon goals.
3 DIGITAL TEACHING AND LEARNING CONTRIBUTE TO DUAL-CARBON GOALS
According to the fifth plenary session of the 19th CPC Central Committee, a new developmental pattern should be established under the guidance of the new development concept, with the domestic cycle as the main body and the domestic and international double cycle mutually reinforcing. The new development pattern should be manifested as green, low-carbon, and involve a mode of sustainable high-quality development. The development of science and technology has been increasingly rapid in recent years, and the emergence of the Internet has had a huge impact on people’s clothing, accommodation, households, and transportation. Information technology is gradually being paid attention to by people, and education is gradually becoming closer to information. In order to meet the needs of society for new education, relevant personnel continue to explore and actively innovate on the road of new education, making education gradually enter the digital era. In the digital era, the development of the digital economy is indispensable, among which digital teaching and learning, as one of the products of the digital economy, and plays an important role in promoting the realization of the carbon peak.
Under the impact of the new crown pneumonia epidemic, the digital teaching and learning model has become the best choice for schools to teach. Compared to traditional teaching modes, digital teaching and learning can enhance the flexibility of classroom teaching and improve the enthusiasm of teachers and students to interact. Since the digital teaching and learning mode is based on the Internet, teachers, and students do not have to attend school (Huang, 2020), which significantly reduces the energy consumption and carbon dioxide emissions of the school. Therefore, the digital teaching and learning mode plays a driving role in the realization of dual-carbon goals.
4 PRACTICAL WAYS OF DIGITAL TEACHING AND LEARNING TO HELP ACHIEVE DUAL-CARBON GOALS
Following the emergence of the COVID-19 outbreak, schools are taking steps to prevent the further spread of the virus by promoting online courses. (Xinfa and Tian, 2022). Given the impact of COVID-19 on normal school teaching, to effectively solve current practical problems and major dilemmas and effectively improve the quality of teaching, the Ministry of Education proposes the use of the Internet to carry out online teaching during the epidemic prevention and control period to minimize the impact of delayed school opening. Digital teaching and learning can not only fully play to the advantages of online teaching but also reduce energy consumption (Wang, 2019). To accelerate the realization of dual-carbon goals, it is necessary to explore the impact of online teaching during the COVID-19 pandemic (Jiang, 2020).
4.1 Comparative analysis of digital teaching and learning and traditional teaching
Due to the COVID-19 pandemic, traditional teaching models are not enough to meet the needs of teachers and students, and digital teaching and learning models have gained wide acceptance. According to the higher education department of the Ministry of Education, 91% of college courses were offered online in 2020, 80% of teachers approved of online teaching, and 85% of students were satisfied with online teaching (Wei and Zhang, 2022). Digital teaching and learning objectively promote the wide application of an online teaching mode. Based on this case, this paper takes the digital teaching and learning mode and the traditional teaching mode as the analysis object and makes a comparative analysis of the teaching form, teacher ability, and carbon emission in Table 1.
TABLE 1 | Comparative analysis of teaching modes.
[image: Table 1]4.1.1 Comparative analysis of teaching forms
Traditional teaching mode is a collectivized teaching mode, which can maximize the advantages of classroom teaching, and quickly transmit scientific cultural knowledge to students so that students can systematically accept knowledge and culture, but often neglect the cultivation of students’ personalities. Digital teaching and learning modes can integrate audio–visual, image, sound, and video teaching, which not only provides teachers with a variety of choices but also enables the students to be immersive and stimulate students' interest and curiosity in learning. In addition, using digital background records and electronic equipment, the type, number, and frequency of students’ questions were statistically analyzed. Thus, teachers can understand students in the study of suspected difficulties and provide more targeted guidance for students. Online education is a process in which teachers and students interact with learning resources in a learning environment (Yu and Z, 2022). In addition, educators are constantly exploring the teaching methods (Allen et al., 2016) that have the most effective positive impact on students’ learning and learning attitudes (Armbruster et al., 2009).
4.1.2 Comparative analysis of teachers’ abilities
The traditional teaching mode requires teachers to make full use of the platform of classroom teaching to carry out teaching activities, not only to pay attention to students’ learning status but also to strengthen their teaching skills and be able to calmly respond to classroom emergencies. For example, when students prepare for exams, they have to decide what to study, how long to study (Bjork et al., 2013), and how to study, and teachers need to provide timely guidance (Kornell et al., 2007). Compared to the traditional teaching mode, the digital teaching and learning mode has higher requirements on teachers’ teaching ability. This is because the digital teaching and learning mode is more susceptible to external interference and emergencies or even teaching accidents. The influence of control factors is minimized.
4.1.3 Comparative analysis of carbon emissions
The traditional teaching mode is mainly based on the special equipment provided by the school, which has a certain quality assurance and can avoid most interference factors. However, the campus population density is large, the school teaching area is relatively concentrated, and the diversity of campus buildings leads to high energy consumption on the campus. The daily output of household garbage and harmful gases on the campus will lead to an increase in carbon emissions. The digital teaching model usually utilizes online video conferencing and online teaching platforms, such as Tencent conferencing, Ding Talk, and superstar learning to transmit and display teacher images and voices in real-time. Compared to traditional teaching models, digital teaching and learning not only reduces travel for teachers and students but also reduces energy consumption on campus, thus reducing carbon emissions.
4.2 The way to implement digital teaching and learning
The development of digital teaching and learning mainly involves three aspects: teachers, students, and digital online teaching platforms. This demand for online learning has led to a shift in the way we think about course design, pedagogy, and practice (Salmon, 2014). During the epidemic prevention and control period, teachers and students should choose the appropriate online teaching platform based on the actual situation of their environment. Due to the large volume of concurrent online teaching during the COVID-19 pandemic, teachers and students all have high requirements for online teaching platforms. According to a survey of some teachers and students, Ding Talk, superstar learning, and Tencent class have the highest utilization rate as digital online teaching platforms, accounting for 81.6%, 80%, and 76%, respectively, as shown in Figure 1. Enrollment in online learning has steadily increased since 2003, with more than a third of students enrolled in at least one online course as of 2017 (Allen et al., 2017).
[image: Figure 1]FIGURE 1 | Usage of online teaching platforms (data source: online teaching satisfaction questionnaire for college students).
As the main method of digital teaching and learning is to rely on teaching with a network platform, it is not restricted by time and place, meaning that people and people, people and things, and things and things are connected at any time and anywhere, which can broaden the scope of information transmission and speed up information transmission so that teachers and students can communicate in class through the Internet and reduce the spread of viruses. In addition, there is a diversity of knowledge on the web. Students can take the initiative to search for knowledge in the network and expand their knowledge, rather than limiting themselves to the knowledge imparted by teachers (Dyer, et al., 2000). The process of digital teaching and learning has turned the epidemic situation into practical teaching material in the classroom. When teaching knowledge, we must also correctly guide students to understand the epidemic situation, and actively cooperate with epidemic prevention and control so that students can develop physically and mentally in a special period, gain subject knowledge, enhance self-management awareness, and cultivate students’ positive attitude. An upward life attitude and tenacity will enhance students’ sense of responsibility and patriotism. Furthermore, in the classroom, teachers can use the online education platform to popularize knowledge and concepts related to production, environmental protection, and carbon neutrality to students, stimulating green and low-carbon awareness, and jointly building a green campus.
4.3 Digital teaching and learning reduces energy consumption
There are two main paths for the digital economy to affect carbon emissions through technological innovation. On the one hand, technologies such as big data, cloud computing, the Internet of Things, and the Industrial Internet penetrate the industry. On the other hand, digital technology promotes connection, innovation collaboration, and knowledge sharing among innovation subjects, which has produced the empowerment effect of digital technology. In the process of digital teaching and learning, digital teaching resources are data that can be copied and shared. People can watch excellent teaching cases through the Internet and can make comments or voice communication in time to reduce unnecessary outings, which can not only reduce the impact of the epidemic diffusion but also reduce carbon emissions by traveling. At the same time, through informatization and intelligent management and control, energy waste in digital teaching and learning activities can significantly be reduced.
The main types of energy consumed by the school include electricity, natural gas, gasoline, and diesel. According to the observation of energy consumption in schools, the highest proportion of energy consumption in most schools is electricity, with a maximum of 96.19% and a minimum of 59.57% (Sun et al., 2022). Electrical energy is still the main energy source of school energy consumption. Among them, the calculation shows that the energy consumption in the teaching area is the highest, up to 60%. Under the guidance of the goal of dual-carbon, an effective way to achieve carbon neutrality is to increase the proportion of clean energy and improve energy efficiency. The effective use of digital teaching and learning can reduce energy consumption on campus. Therefore, digital technology plays an important role in reducing energy effects.
5 DIGITAL TEACHING AND LEARNING PROMOTES SUSTAINABLE DEVELOPMENT
5.1 Main sources of carbon emissions
Carbon emission is the process of emitting greenhouse gases to the outside world during human production and business activities and is one of the main causes of global warming. In 2020, the total global carbon dioxide emissions will be 32.284 billion tons, of which China, the United States, and India will be the top three countries in carbon dioxide emissions. In terms of the average annual growth rate of carbon dioxide, the United States and India have declined, and China has increased by 0.6%, as shown in Table 2.
TABLE 2 | Carbon dioxide emissions by countries in 2020.
[image: Table 2]China’s carbon emissions mainly come from the power sector, construction sector, industrial production sector, transportation sector, and agricultural sector, as shown in Figure 2. Energy and electricity account for the largest proportion, followed by construction (Fu, 2021), and industrial production transportation and agriculture account for the least. China’s energy consumption structure is relatively single, and the energy industry is based on coal carbon combustion that generates carbon dioxide. Due to the position of coal in China’s energy consumption structure, coal consumption is the main source of greenhouse gas emissions. The most direct reason for China to achieve carbon neutrality is that carbon emissions are too high. With the rapid development of urbanization, the demand for electrical energy supply is gradually increasing, and the supply and demand situation is changing dramatically (Xinfa et al., 2022). In the long run, it will not only pollute the environment and destroy the ecological environment but also cause harm to people’s physical and mental health. Therefore, there is still much room for China to adjust its energy structure and strengthen environmental protection (Li Ji Gang, 2014).
[image: Figure 2]FIGURE 2 | China’s 2020 carbon emissions (data source: China’s Academy of Information and Communications Technology).
5.2 Vigorously developing digital economy to reduce carbon emissions
China, the world’s largest developing country, has achieved rapid economic growth at the cost of serious environmental pollution (Yao and Shen, 2021). According to the White Paper on the development of China’s digital economy (2020) released by the China Academy of Information and Communications Technology, the scale of China’s digital economy has increased from 2.6 trillion yuan in 2005 to 39.2 trillion yuan in 2020, accounting for 38.6% of the GDP from 14.2%, as shown in Figure 3 (Zhang et al., 2021). On 7 September 2021, China’s digital carbon neutrality forum released the green and low-carbon action proposal in digital space, which proposes to build a new engine for the green development of the digital economy. In the digital age, the rapid development of digital technology can also reduce carbon emissions in energy, manufacturing, industry, and other fields by 15%. For example, the use of “green power” to power the Winter Olympics venues in Beijing in 2022 is seen as a successful example of energy saving and emission reduction, accelerating the pace of carbon neutrality.
[image: Figure 3]FIGURE 3 | Total size of China’s digital economy 2017–2020 (data source: China Academy of Information and Communications Technology and China Business Industry Research Institute).
However, China is constantly faced with the dilemma of how to achieve economic growth and environmental protection at the same time (Guo et al., 2022). High carbon industries significantly contribute to the increase in carbon emissions, while low and medium carbon industries are more effective in suppressing carbon emissions (Zhang et al., 2022). Some scholars outlined that as China’s industrialization and urbanization levels increase, whilst urban enterprises reduce carbon emissions, rural areas have huge potential to become carbon sinks, meaning the construction of an urban–rural mutual aid model to reduce carbon emissions can be explored from the perspective of the value of carbon sinks (Tang et al., 2022). In addition, consider the construction industry as an example. In July 2020, the Ministry of Housing and Urban–Rural Development, the National Development and Reform Commission, and other departments issued the Green Building Action Plan, which proposed that by 2022, the green building area in new urban buildings will account for 70%. To achieve this goal, digital technology such as BIM has wide applications. The rate of building informatization in China is only 0.11%, about 1/9 of that in developed countries. Digital technology still has a large application space in the construction industry. It is expected that by 2025, the output value of the construction information industry will reach 100 billion yuan. This will make a significant contribution to building energy conservation. The development of a strong digital economy can therefore effectively reduce carbon emissions.
5.3 Digital teaching and learning accelerates the realization of the goal of dual-carbon
In the digital era, the development of the digital economy is driving continuous innovation in the field of education. Educators should use digital information technology to accelerate educational reforms and promote the implementation of digital teaching and learning in schools, which in turn will promote energy saving and emission reduction in schools. According to the U.S. Department of Environmental Protection Agency, colleges and universities account for 2 percent of the total U.S. emissions. Schools not only disseminate knowledge and improve students’ comprehensive quality but also serve as an important place for disseminating the concept of carbon emission reduction and undertaking various social functions in the wide-ranging economic and social changes caused by carbon peaking and carbon neutralization. First of all, in epidemic prevention and control, digital teaching and learning can replace the traditional teaching mode. For example, the high-definition online conference teaching mode can replace the original offline teaching mode so as to reduce the transportation of teachers and students and reduce carbon emissions. During the COVID-19 pandemic, teachers can use digital teaching and learning modes to communicate through videos even in isolation, which not only achieves the purpose of epidemic prevention but also improves students’ learning efficiency (Tang et al., 2023). Second, the more faculty and students are on campus, the more likely it is to cause energy consumption and greenhouse gas emissions in daily campus life. For example, the unreasonable use of computers, printers, and other electrical equipment can result in excessive energy consumption. Water resources are wasted and water discharge pollution is caused by water rooms, dormitory areas, and teaching areas. People often forget to turn off the lights, resulting in energy consumption and waste. The digital teaching and learning mode can reduce the energy consumption of the school to the greatest extent because of network teaching. With the aid of digital technology, such as the Internet, artificial intelligence, and cloud computing to build a big data platform, can promote each link to realize digital, maximize the ascension of education resources use of efficiency, reduce the waste of paper resources, promote the education industry using green renewable resources, to carry out the green environmental protection, and high-quality teaching resources sharing. Finally, digital teaching and learning can also create a learning platform for students, open carbon neutral general courses, provide more energy saving and emission reduction materials, integrate the concept and practice of being “carbon neutral” into the curriculum system, and let students pay attention to sustainable development together. Digital teaching and learning enable students' acquired knowledge to be put into practice, reducing carbon emissions and accelerating the pace of dual-carbon goals.
The optimal path toward achieving the goal of carbon neutrality involves considering multiple factors (Tang and Luo, 2022). As a new education model, digital teaching and learning combine data with sustainable development, which not only helps to improve the informatization and intelligence level of the whole of society and the efficiency of resource allocation but also helps to reduce greenhouse gas emissions and play a positive role in energy conservation and emission reduction (Jin et al., 2022).
6 CONCLUSION
China aims to peak its CO2 emissions by 2030 and be carbon neutral by 2060 (Zhong, 2020). Ecological civilization construction is one of the main approaches to achieving this dual-carbon goal. In order to pursue high-quality and high-speed development to achieve dual-carbon goals, colleges and universities should actively advance digital teaching and learning, taking full advantage of the aid of digital technology, such as the Internet, artificial intelligence, cloud computing to build big data platforms, realizing every digital possibility, maximizing the efficiency of education resources usage, reducing the over-use and waste of paper resources, promoting the green and circular utilization of university resources, sharing of high-quality teaching resources, implementing green environmental protection, reducing carbon emissions, and accelerating the pace of the goal of dual-carbon. This paper studied the role of digital teaching and learning under the background of these double carbon targets and explained how digital teaching and learning could reduce energy consumption and carbon emission reduction, promoting sustainable development in theory and practice.
There are still many shortcomings in this paper. The selection of data is too macro, and some data lack detailed information on carbon emissions, which affects the depth of the analysis. In terms of the literature materials collected, this paper mainly analyzed of the public range within the scope of the relevant materials and research literature but because of a personal research level and the influence of the new champions league pneumonia outbreak, it cannot be in more countries worldwide digital teaching and learning mode of comparative analysis and on-the-spot investigation, and these deficiencies will be in the future learning process that is continuously strengthened to be explored and practiced.
In future research studies, it is suggested to further study the specific details of digital teaching and learning models in different countries and regions and explore the main factors affecting carbon emissions from the details to further reduce carbon emissions, achieve the goal of dual-carbon, and promote the sustainable development of the society.
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Rapid urbanization, coupled with land use land cover changes (LULC), has caused stress on freshwater resources around the globe. As in the case of Islamabad, the capital of Pakistan, the population has increased significantly, creating a deficit of natural resources and affecting the environment adversely. Therefore, the purpose of this study is to examine the effects of urbanization and LULC on the decline of the static water table in Islamabad. It also seeks to analyze water policy issues in order to achieve sustainable water resource development. The excessive pumping of the existing groundwater has exceeded the safe limit, which is justified by the constantly growing population. However, the changes in the LULC of the study area have turned many green pastures into barren land. Our research data were obtained from the Capital Development Authority (CDA), Pakistan Meteorological Department (PMD), and Landsat Satellite images. After analyzing PMD and CDA data for the last 20 years (2000–2020), the results were interpreted using Arc GIS. It has been observed that the Normalized Difference Vegetation Index (NDVI) value increases as the Land Surface Temperature (LST) decreases. Therefore, the overall observation is a decreasing trend in Islamabad temperatures due to the increased vegetation in the study area during the period of 2000–2020. It was observed that there has been a considerable drop in water levels due to over-pumping in a few areas. It is primarily associated with the increasing population of the capital in the last 2 decades. This study uses a survey to explore the potential locations for check dams to enhance and recharge the groundwater aquifers in the capital, Islamabad. It suggests catchment areas throughout the Margalla Hills along with different localities, such as Rumli Village, Trail 5, and Shahdara.
Keywords: urbanization, land use land cover (LULC), water table, rapid growth, NDVI, groundwater, water policy
1 INTRODUCTION
Water is the most important and venerable source of life. According to the UNDP (2002), “About 1.1 billion people have no or less access to drinkable water and about five million people die each year due to contaminated water diseases”. As such, surface water, i.e., streams, lakes, dams, etc., and groundwater, either shallow or deep aquifers, are the two primary sources (Khan and Eghbal Bakhtiari, 2017); however, only 3% is fresh water and only a small portion of this (about 0.01%) is suitable for human use (Azizullah et al., 2011). One of the significant causes of water shortage and water pollution is urban expansion driven by the increasing population (Sohail et al., 2019). Pakistan, an underdeveloped country, is ranked 80 among 122 countries regarding poor drinking water conditions, and its drinking water sources, i.e., surface water and groundwater, have been found to be contaminated (Azizullah et al., 2011; Ahmed et al., 2015; Sohail et al., 2022a).
Islamabad, the capital of Pakistan has undergone rapid urban growth in the last 2 decades and the growth has affected the quality and quantity of groundwater. The World Bank has reported Islamabad as a densely populated urban area that has experienced a 73% increase in population in the last 15 years. Due to such an increase, the city is facing a scarcity of freshwater (Afzal, 2009; https://www.thenews.com.pk/print/53775-islamabad-having-highest-rise-in-urban-population-wb). The current water deficit has emerged as the recharging of dams has decreased due to certain factors, gradually adding to the exploitation of groundwater (Khan, 1996; Sohail et al., 2019; Shah et al., 2021; Sohail et al., 2022b). A recent study indicates that due to the unplanned and uncontrolled exploitation of groundwater, e.g., in the D-12 sector of Islamabad, many dry water aquifers have been discovered (Qadir et al., 2018). Since then, Islamabad has shared its natural assets and climate with Rawalpindi, with a combined population of 1.3 million, the policymakers must preserve the natural habitat of the capital by utilizing data on the physical climate for future improvements (Sheikh et al., 2007).
The study of the pattern of climate change and rainfall requires a broad understanding of vegetation dynamics and elements. NDVI is considered one of the crucial factors in crop health and seasonal variation. The dynamic properties of soil moisture, precipitation, agricultural productivity, and natural vegetation growth all correlate with NDVI fluctuation. Precipitation and soil moisture are strongly linked to the development and growth of vegetation (Sharma et al., 2022). The quantity and quality of vegetation in an area strongly correlate with temperature and precipitation (Sha et al., 2020). Although the impacts of vegetation changes on the climate are still poorly understood and there are significant uncertainties, especially across Central Asia, vegetation changes can play a significant role in influencing local land surface temperatures (Yuan et al., 2017). Rapid urbanization throughout the globe drastically alters the properties of the land surface. One of the key elements that affect how LST distribution varies is natural vegetation. NDVI, which is being employed in LST computation, is the most widely used vegetation index. Numerous elements, including the climate, different types of vegetation, land use, urbanization, etc., affect the LST-NDVI relationship. Recently, several studies have tried to develop the LST-NDVI correlation in major cities throughout the world (Guha and Govil, 2020; Guha, 2021).
The prime objectives of this study are to determine the water table depth and the impact of urbanization, LULC, LST, and NDVI changes on the static water table; to select the most suitable locations for artificial recharge in various underground water aquifers using check dams and injection wells; and to discuss water policy for a sustainable water table in the study area. To achieve the objectives of the study, remote sensing data, data from drilled water wells, and scientific material collected via a literature survey were used. In this study, different data sets were analyzed to discover the impact of urbanization and LULC on the decline in the water table and the possible solutions, and water policy is discussed using a case study from Islamabad, Pakistan.
2 LOCATION OF THE STUDY AREA
Islamabad was selected as the study area, as shown in Figure 1A, because of the water crisis in the metropolitan city. The area is situated at a height of 579 m above sea level. The boundaries of Islamabad are met by Punjab on the east, west, and south and by Khyber Pakhtunkhwa on the north. The city covers a region of around 906 km2. The longitude and latitude of the region are somewhere between 72°45′to 73°30′E and 33°30′to 33°50′N, respectively (Sheikh et al., 2007).
[image: Figure 1]FIGURE 1 | (A) Location map of the study area (Islamabad) (B) Image showing the sub-surface geology of the Rawalpindi and Islamabad area (Abbas et al., 2014).
2.1 Climate of the study area
There are four main reasons for climate change in Islamabad. June to August are the summer months, which are warm and rainy. September to November are the dry autumn months. December to February are the cold winter months. From March to May, it is mostly spring. Higher precipitation is recorded in the summer during the monsoon rainfalls, while other seasons generally remain dry, and the overwhelming breeze direction is northeast (Shah and Shaheen, 2008).
Temperatures in Islamabad vary from mildly warm to cold throughout the year, occasionally dipping under 0°C, with scanty snowfall in some undulating areas. An average of at least 3.9°C to a maximum of 46.1°C is observed from the months of January to June. The average low temperature of 2°C comes in the month of January. The average high temperature of 38.1°C comes in the month of June. The highest recorded temperature is 46.5°C and was recorded in June, and the lowest recorded temperature is −4°C and was recorded in January (Source: Pakistan Meteorological Department).
2.2 Hydrogeology
Islamabad is divided into five zones; Zone I consists of well-developed areas, Zone II consists of under-developed and un-developed areas, Zone III consists of Margallah Hills, and Zone IV and Zone V consist of mainly rural areas. The Soan River passes through Zone V (Naqvi et al., 2017). The two main streams that control the water supply in Islamabad and Rawalpindi are the Soan and Kurang rivers. The hydrogeological study of Islamabad has highlighted the occurrence of some shallow aquifers and some deeper aquifers in the subsurface. The shallower aquifers are composed of Holocene and the upper units are Pleistocene alluvium. The deeper aquifers are confined in the Lei-conglomerate of the Pleistocene era. The unconsolidated conglomerate beds of the Lei-conglomerate play the most important role in the groundwater aquifer in Islamabad. However, the alluvium formation is overlying the Lei Conglomerate, which is present in a shallow water table and is, consequently, often exploited by local municipal and private wells (Sheikh et al., 2007).
Therefore, the presence of these aquifers is demarcated by the intercalation of large clay-type lenses, causing division and, thus, an insignificant connection in some sectors, which are not precisely located. The HESC report (2018) has suggested that there are five aquifer levels in Islamabad. Because of the lithological connectivity of Islamabad, the presence of these aquifer structures does not essentially exist in all parts of the study area. The bedrock in the area is mostly faulted and folded and contains sandstone and claystone from the Rawalpindi Group, sandstone and claystone from the Kuldana Group, harder limestone of the Chorgali Formation extending toward the north, and sandstone and claystone from the Siwalik Group extending toward the south. The depth of the bedrock exceeds 100 m, which is common over much of the area (Sheikh et al., 2007; Khalid et al., 2021).
2.3 Subsurface geology and digital elevation model (DEM) and stream channels
Most of the aquifers in Islamabad are made up of boulders and gravel, which date from the Pleistocene to the present age. Alluvial fans mostly contain silt and clay particles along with gravel and sand. A cross-section diagram of the Rawalpindi and Islamabad areas shows that thick layers of clay have been sandwiched between the first and last aquifer layers, mostly composed of boulders and gravel, as shown in Figure 1B (Abbas et al., 2014). The main water channel, which covers the whole study area, is the Soan River, with the following tributaries: Lei Nullah, Ling Kas, the Korang River, and Gumrah Kas. The stream network has been identified using watershed analysis with SRTM DEM to study the elevation profile of the study area, which lies from 397 to 1,440 m above sea level, as seen in Figure 2. Figure 2 shows the mean stream network of Islamabad; the blue color highlights the Rawal Lake, which supplies water to Rawalpindi City.
[image: Figure 2]FIGURE 2 | The main water streams and elevation profiling map of Islamabad.
3 DATA SET AND METHODOLOGY
The data used in this study were divided into satellite data, remote sensors, and ancillary data. Water resources data were collected from the Capital Development Authority (CDA), while meteorological data was collected from Pakistan Meteorological Department (PMD). For satellite data, Landsat data were obtained from Google Earth Pro. Landsat, a joint program from the USGS and NASA has been observing the Earth continuously from 1972 to the present day. Landsat satellites provide images of the entire Earth’s surface at a 30 m resolution around once every 2 weeks, including multispectral and thermal data (Wulder et al., 2016). Some data sets were gathered from previously published literature through a literature survey of the study area. Demographic data were obtained from a reliable online open-source data platform, “Macrotrends”. Data on population and CDA water supply schemas were gathered from different websites. In this study, SRTM (Shuttle Radar Topography Mission) data on the Islamabad Capital Territory were acquired from the NASA platform, with a spatial resolution of 30 m. The land surface temperature was calculated using Landsat satellite data for the summer season (between 1 May and 31 July) for all the observed years. The Landsat five TM satellite data were used for the years 2000 and 2010, whereas for the year 2020, Landsat eight OLI was used. The Landsat five TM Satellite data were used for the years 2000 and 2010, whereas for the year 2020, Landsat eight OLI Satellite was used. NDVI was calculated using near-infrared (NIR) and red bands of the Landsat satellite. Firstly, we chose 25 sample locations randomly in each zone. We then extracted the value of NDVI and LST for the observed years, i.e., 2000, 2010, and 2020. The LST-NDVI relationship was determined using Pearson’s correlation coefficient approach for the period 2000–2020.
[image: image]
Ancillary data included data from tube wells and rainfall data, which were obtained during a series of visits conducted by the concerned departments: the CDA and the PMD. The data obtained from the CDA was sketched on the map to show the points of the wells in various locations in Islamabad. A total of 94 well data items were used in this research, which includes information on Latitude and Longitude, Well Depth, and Static Water Level. The locations of the data points are shown in (Figure 3A). Stream pattern data were collected from the CDA, and after processing the data in ArcGIS, the map of stream patterns was generated. A comprehensive literature review was performed between May 2020 and June 2020 to identify issues relating to water crises and water policy discussion.
[image: Figure 3]FIGURE 3 | (A) Well points location map of the study area. (B) Zonation map of Islamabad.
The use of LULC change data facilitates the study and analysis of different phenomena (their timings and causes, etc.) and finding solutions to avoid further destruction caused by urbanization (Zhou et al., 2008). This study aims to conduct a comparative analysis of the LULC of Islamabad using Remote Sensing (RS) and GIS tools. This aim was achieved through identifying different LULC categories and patterns of land use changes in Islamabad from 2000-2020 to integrate supervised classification using spatial data analyzed through GIS and RS techniques. The LULC classification for Islamabad was done using the supervised classification method. To identify the LULC changes in Islamabad, the images of the Landsat satellite were used for the years 2000, 2010, and 2020, and the image was acquired for the month of March/April to understand the scenario surrounding LULC changes. For satellite image classification, a maximum likelihood classifier was used for the identification of land features. Accuracy assessment was done using the confusion matrix process, in which 70% of field samples were used for classification and 30% were used for accurate assessment of the study area.
3.1 Zones and dams of Islamabad
This data focuses on Islamabad, the capital of Pakistan, which was established in 1960 under the Capital Development Authority (CDA) Ordinance 1960 and divided into the five following zones (Figure 3B). CDA data on the zoning of Islamabad were used and were available on the CDA website (https://www.cda.gov.pk/housing/ictmap.asp).
(1)Zone I: CDA acquired land for development.
(2)Zones II and V: private housing societies and other development activities.
(3)Zone III: reserved area covering the area mostly under the Margalla Hills.
(4)Zone IV: land used for multiple activities, such as a National Park, Agro-farming, study institutions, and research and development.
In our work, CDA zoning data are used to show the distribution of water into various zones from different sources. Dams are available for the supply of water in Islamabad, including Simly Dam, Rawal Dam, and Khanpur Dam. The CDA supplies water to various zones of Islamabad by dividing the city into three main parts.
(1)Simly Dam supplies water to Zone IV and Zone V areas.
(2)Khanpur Dam supplies to Zone I and Zone II.
(3)Tube well zone supplies most of the water to Zone V of Islamabad.
Zone III covers the area that lies under the Margalla Hills and, therefore, its main water source is rainfall water.
4 RESULTS AND DISCUSSIONS
The digitization of CDA data using Arc-GIS was performed for groundwater depletion analysis. Figures 3, 4 illustrate the well points of Islamabad, zones of Islamabad, and stream patterns of Islamabad, respectively. This digitized data provides helpful information on water pumping, water supply, and natural water resources for groundwater recharge and for public use in Islamabad.
[image: Figure 4]FIGURE 4 | Comparison of LULC classification map of Islamabad, 2000, 2010, and 2020.
4.1 Impact of urbanization on LULC, NDVI, and LST
4.1.1 Impact of population growth on land use and land cover (LULC) changes
Population growth causes changes in LULC, which, in turn, affects water demand and availability. In our study, population and land cover area variations and their impacts on water resources in Islamabad are discussed extensively. For LULC, demographic data were also utilized and digitized using ArcGIS.
It is a fact that there is a strong link between the population, fundamental natural resources, urban expansion, and the natural landscape. Cities and urban centers around the world have experienced significant transitions due to socioeconomic development, industrial expansion, rural-urban migration and transformation, and other related factors, expanding beyond their typical administrative boundaries (Shirazi and Kazmi, 2014). Here, population growth plays a significant role (Bongaarts, 2006); due to factors that stimulate urban growth, i.e., the replacement of natural land covers with impermeable urban materials, biophysical environmental changes adversely impact land surface characteristics and cause changes in land surface energy development (Cai and Huang, 2016). With the increase in anthropogenic activities, the natural environment in cities continues to deteriorate, as vegetation is replaced by building cover (Akhtar et al., 2016; Divine et al., 2016; Ahmad et al., 2022), impacting food production as well. Such changes in LULC are caused by human activity and strongly affect a particular area’s regional environment (Zhang et al., 2016; Dawood et al., 2021; Mehmood et al., 2021). Land cover is active and varies at altered spatial and temporal scales (Clark and Kilham, 2016).
In our study area, according to LULC data, a significant increase in population was observed in Zone 1, 2, 4, and 5 due to rural-urban migration and transformation in the last 2 decades. Contrarily, vegetation cover decreased substantially, excluding the north side of the city, which is mainly covered by the Margalla Hills, where public rights are reserved, i.e., cutting, trimming, and taking down trees is strictly prohibited. In the previous decade, vegetation reduction increased compared to other decades (Figure 4).
The population and growth rate of Islamabad for the years 2000, 2010, and 2020 are shown in Table 1. Table 2 was generated based on land use and land cover changes (LULC) from 2000 to 2020. The percentage values were calculated from the whole of the metropolitan area of Islamabad. The extent and yearly average rates of change for rural and urban land cover changes are shown in (Table 2). It shows that most of the land cover changes were unidirectional. The urban areas (land and water bodies) vegetation shrubland had higher levels of change in comparison to the built-up land, bare land, and many water bodies from the year 2000 to the year 2020 (Table 2; Table 3; Figure 7). The average rates of change for the land cover types are shown in Table 3 and Figure 7. The unidirectional change was observed in land cover changes except for in water bodies and bare lands. Vegetation shrubland and bare land had higher rates of change than water bodies, built-up land, and forests during 2000–2020 (Tables 2, 3; Figure 4).
TABLE 1 | Population and growth rate of Islamabad for the years 2000, 2010, and 2020.
[image: Table 1]TABLE 2 | Land use and land cover pattern changes from 2000 to 2020.
[image: Table 2]TABLE 3 | Area and amount of change in different LULC categories in the study area from 2000 to 2020.
[image: Table 3]Table 3 shows a considerable difference in Landsat images observed in the years 2000–2020 based on an area exposed by various features. An increase in population was observed in the south and north south, and a small change was observed in the west side of Islamabad in 2000 and 2020. Conversely, vegetation cover is reduced throughout the whole city except for the north, which lies under the Margalla Hills. Over the last decade, vegetation cover has decreased compared to previous decades. The vegetation cover reduced from 43.66% in 2000 to 29.03% in 2020 due to rapid urbanization.
According to some of the statistical data, migration generally takes place mostly for economic reasons, and movement from a rural to an urban area is mainly causing a higher population growth rate specifically in urban areas. Because of this, the process of urbanization goes hand in hand with social, health, and many environmental issues, so proper planning is required for making urbanization in cities beneficial to the economic growth of the country (Gong et al., 2012). Being a well-planned city, Islamabad is an eye-catching destination for in-land migrants because of better economic opportunities.
4.1.2 The relationship between LST and NDVI
Rapid urban development is complex in its nature because it reduces vegetation cover inside and around cities. Due to the population explosion, lush green pastures have been converted into built-up areas. Policymakers, geographers, administrators, and urban planners are currently faced with the task of monitoring the changes in land cover and urban land use as the natural environment in cities continues to deteriorate due to anthropogenic activity. The literature indicates that significant fluctuations in temperature and rainfall patterns have had a significant impact. The groundwater aquifer is being depleted because of the rising temperature’s negative effects on the rainfall pattern’s temporal and spatial distribution. NDVI and the LST impact the climate of the study area. These climate changes lead to groundwater and surface water depletion and exacerbate the demand-supply imbalance. Due to climate change, rain pattern changes affect aquifer recharge (Appiah et al., 2015; Sohail et al., 2019; Nguyen et al., 2020; Liu et al., 2021).
Nowadays, the Earth faces a significant threat related to the environmental issue of a global rise in temperature as well as regional temperature fluctuations. The Earth’s land surface temperature is controlled by environmental processes, directly and indirectly (Sahani, 2021). The LST is frequently used to determine urban heat, which may be derived from various remotely sensed data. Any research study related to LST must always utilize NDVI (Guha and Govil, 2020). An indicator of vegetation, known as NDVI, is frequently used to explore the link between LST and vegetation worldwide. The link between LST and NDVI is quite complex and interesting, and it attracts researchers in different directions, which is influenced by a variety of factors like LULC, urbanization, etc. (Deng et al., 2018). The sample’s location map for LST and NDVI analysis of the study area is shown in Figure 5. The LST comparison map for the years 2000, 2010, and 2020 is shown in Figure 6. The NDVI comparison map for the years 2000, 2010, and 2020 is shown in Figure 7. NDVI shows the vegetation health in the area of interest and its range falls from −1 to +1, where −1 to 0 show no vegetation and the values from 0 to +1 show vegetation as near to +1 vegetation, which is considered the highest possible density of vegetation, and near to 0 indicates less vegetation. The statistical description of the temporal variation of LST, NDVI, and the LST-NDVI relationship for the period 2000–2020 is presented in Table 4. Figure 6 and Figure 7 show the mean LST and NDVI spatiotemporal comparison maps for the years 2000, 2010, and 2020 over the study area. The northeast and southwest regions are identified as having high LST zones and low NDVI. The healthy, green plants that lessen the intensity of LST are related to high NDVI. In the years 2000, and 2010, a lower NDVI value was observed. Due to tree cutting and land conversion, the NDVI value fell during the period 2000–2010. Recently, in 2020, there was a noticeable upward trend in NDVI and a lower LST value was observed.
[image: Figure 5]FIGURE 5 | Samples location map for LST and NDVI analysis of the study area.
[image: Figure 6]FIGURE 6 | LST comparison map for the years 2000, 2010, and 2020.
[image: Figure 7]FIGURE 7 | NDVI comparison map for the years 2000, 2010, and 2020.
TABLE 4 | The statistical description of temporal variation of LST, NDVI, and LST-NDVI relationship for the period 2000–2020.
[image: Table 4]4.2 Water demand and water resources
Surface water and groundwater are the primary water sources of Islamabad. Islamabad, the capital city, depends on Simly Dam and Khanpur Dam for its water supply obtained through surface water. The CDA has also provided a water supply using groundwater, which involves the use of 180 tube wells. The need for water is also fulfilled by private and public wells (Shabbir and Ahmad, 2016). Previous studies have indicated that the surface water supply of the metropolitical city of Islamabad is declining due to decreased upstream inflow and sediment accumulation in the reservoirs. Furthermore, excessive and uncontrolled groundwater exploitation has caused the water table to drop at the rate of 1.7 m/year. Additionally, certain metropolitan sectors of the city have observed a water table drop of up to 20 m (Khan et al., 2020). According to the statistics, Islamabad, a city with a population of 1.22 million, requires 125 million gallons per day, with a supply of only 72.114 million gallons per day, creating a deficit of 52.86 million gallons. The city can produce only 80 million gallons for 1 day’s usage. The production capacity of Simly Dam is 42 MGD, but it is producing only 27 MGD. Several tube wells that are registered have a production capacity of 36 MGD. The production capacity of Khanpur Dam is 16.5 MGD, but its present output is only 10 MGD. Production capacities of small tributaries like Korang, Shahdara, Saidpur, and Noorpur are 2.4 MGD, 1.6 MGD 0.8 MGD, and 0.7 MGD, respectively, while their present production rates are 1.2 MGD, 1.2 MGD, 0.7 MGD, and 0.5 MGD, respectively (Naqvi et al., 2017).
4.3 Static water level (SWL) contour map
The pumping of underground water sources can affect subsurface water levels. Subsurface water is recharged by penetration from surface water or streams, and at certain points, the water table has dropped. The water table is affected depending on the geologic and hydrologic states of the surface water source, and the constant withdrawal of water at the same rate, for a relatively long time, can bring the water table down to a considerably low level (Sheikh et al., 2007).
The decline in groundwater is mainly related to urbanization, which ultimately increases freshwater demand for daily life. According to data from the CDA, the contour map shown in Figure 8 was generated using ArcGIS and shows the qualitative static water level near the wells (Figure 8). Zone 1 is the area to which the tube wells are supplying water; therefore, a number of tube wells were installed by the CDA, due to which, a considerable drop in groundwater levels was observed. Zone 1 consists of populated sectors (F, G, H, I), which is conducive to water table stress and over-pumping groundwater to fulfill the community needs within the zone. The static water tables range from 25–54 m. There has been a decrease in the static water level of Islamabad according to data provided by the CDA and some data sets gathered from previously published literature. The decline is linked to the unbalanced use of water, groundwater extraction, a reduction in water percolation in soil, rapid urbanization, and the population increase.
[image: Figure 8]FIGURE 8 | Contour map for static water level (feet) using well points.
According to published reports, the average rate of groundwater decline is 1.7 m per year. In Gulshanabad Mohallah, Islamabad, a drop of 20 m was observed. The decline in groundwater has been linked to an increase in the number of wells drilled in the area. Because of this, groundwater extraction has become difficult and there has been a reduction in groundwater usage in and around the Capital Territory (Khan and Fee, 2014; HESC, 2018). According to CDA officials’ report, groundwater in the Capital Territory has lowered by five times over the last 5 years, which is a very alarming rate (https://www.dawn.com/news/1452462). The study indicates that the groundwater in Rawalpindi City, which is adjusted to Islamabad groundwater levels, decreased by 10–14 m during 1998–2003 and decreased by 5 m during 2003–2007. Furthermore, the groundwater level reduced dramatically from 58–73 m from 2017–2021 (Abbas et al., 2014; Khan et al., 2022).
4.4 Streams pattern and catchment area
GIS was used to count and calculate the overall number of streams in the study area as well as the number of streams of various orders. Calculations reveal that as stream order increases, the number of streams gradually reduces. The variance in stream order and the size of tributary basins are largely dependent on the geomorphological and geological conditions of the area (Rai et al., 2017). Different streams flow in different localities of the study area, as shown in Figure 9. The main rivers flowing through the study area are the Korang and Soan rivers. The Korang River is an outlet from Rawal Dam and the Soan River is located at the foot of Patriata, Murree and feeds Simly Dam. The Lai Nullah also flows toward the south and eventually falls into the Soan River (Aziz et al., 2014).
[image: Figure 9]FIGURE 9 | Stream pattern map of Islamabad (Legend: 1. Small streams; 2. Major streams; 3. Tributaries; 4. Main streams).
From the survey of the study area, the Margalla Hills were found to have the potential for groundwater development through the construction of check dams. Several catchment areas, based on water channels passing through these areas, were identified along the Margalla Hills, such as Shah Allah Ditta Caves, Ramli Village, Shadrah, Saidpur Village, Trail-5, etc. (Figure 10).
[image: Figure 10]FIGURE 10 | Streams spotted along Trail-5 during the survey.
The Simly and Khanpur dams are the main water bodies that supply water to Islamabad. The daily water demand for Islamabad is 250 million gallons (MGD) and the supply is only 120 million gallons. Due to this water demand-supply gap, the relevant authorities need to pay attention to the long-term availability of resources for the future, control of the population, and control of the pollution that is being released directly into water bodies.
4.5 Groundwater recharge
The main focus of this study is groundwater recharge. In this regard, the catchment area of Trail-5 was taken into consideration and its data were utilized to observe groundwater recharge. Here, the main source for recharging groundwater is precipitation. The average annual rainfall of Islamabad is presented in Figure 11A. From the year 2000–2020, most of the precipitation occurs between the months of June and October. During this time, 70% of the average rainfall occurs. From May to November, 350 mm of precipitation has been recorded.
[image: Figure 11]FIGURE 11 | (A) Graph generated from the data obtained from the Pakistan Meteorological Department (PMD) showing the average monthly rainfalls for the period 2000–2020. (B) Average monthly maximum and minimum temperatures in Islamabad for the period 2000–2020.
In the process of recharge, temperature plays an important role in watershed areas; the temperature causes water loss from ponds, reservoirs, and moisture in the soil. The average monthly minimum and maximum air temperature recorded by PMD at Islamabad airport are given in Figure 11B.
4.5.1 Land use and soil type
The data taken from literature for land use and soil type were provided by JICA, 2003; Ahmad et al., 2016; Khalid et al., 2021, according to which, the area has four zones of physiography, including the Margalla Hills, the valley area, the higher plains, and the lower plains.
The Margalla Hills are located in the north of the study area. The majority of the known formations in this area are Shale, Sandstone, and conglomerates, which are covered by coniferous and scrub forests. Below the Chaklala Bridge Valley area, small streams fall into the Soan River, which mostly contains sand/silt and boulders/gravel. Expanding over the built-up area of Islamabad, with a gradual slope varying from north to south, lie the higher plains. The areas that make up the higher plains are Tenawali, Bendarawali, and Saidpur. The area that extends from the upper part of the Rawalpindi area above Chaklala Bridge is the lower plains area. It is flatter than the valleys and the higher plains (JICA, 2003; Butt et al., 2015; Ahmad et al., 2016; Khalid et al., 2021).
4.6 Check dams
Check dams (small ponds) have also been built with recharge wells to completely utilize the rainwater at a place that is favorable for natural aquifer recharge, where the surface runoff is greater throughout the catchment area, as check dams are more affordable than recharge wells. In the study area, it has been estimated that the groundwater level will not only stabilize but also rise over time owing to recharge wells and check dams (Alam et al., 2022). A suitable location for making check dams was found near Trail 5, as shown in Figure 12 in the Shahdara valley stream and the Rumli valley stream. The Trail five running stream can be considered the main water source for making check dams; however, the Margalla Hills range has a high potential for seasonal check dams. By using these small dams, water can be stopped and released in the subsurface to recharge the underground aquifers.
[image: Figure 12]FIGURE 12 | Point suggested for check dam.
4.7 Water policy analysis
Previous studies have indicated that the groundwater table has declined at an alarming rate and existing aquifers are drying out due to the low rate of recharge. There is an urgent need to develop an integrated, adaptive water management scheme and policy for the protection of groundwater resources, in Islamabad, Pakistan. To achieve the sustainable development of water resources, all stakeholders like hydrogeologists, policymakers, lawmakers, and related institutions must come together to solve this issue. The CDA has planned and launched different projects for the use of surface water and groundwater and also used injection wells to maintain the water table of the capital city.
The country’s water resource management is greatly destabilized by problems including low-quality water, poor water access, and poor water management. Urbanization, rapid industrialization, and overpopulation are posing a serious threat to Pakistan’s water supply system (Khan et al., 2019). According to the “Indus Water Treaty”, three eastern rivers, the Beas, Ravi, and Sutlej, were allocated to India, while three western rivers, the Indus, Chenab, and Jhelum, were allocated to Pakistan (Qureshi, 2011). About 90% of the water from these three rivers is used for irrigation and food production, which contribute about 25% of the country’s gross domestic product (Basharat, 2019; Manzoor et al., 2022).
Pakistan has derived most of its surface water usage from the Indus System through different rivers and distributed it to far-off places for irrigation purposes using a canal system. In Pakistan, the major consumer of water is agricultural fields, which use both surface water and groundwater in agricultural fields. Before irrigation, the water table was significantly deep, but now, it has risen to a certain level due to a lack of proper water management, and it is one of the main causes of water logging and salinity. According to some reports, by 2025, the water requirement for irrigation purposes will be approximately 250 billion cubic meters, while the Indus System will be able to provide only 185 billion cubic meters of water. Therefore, the overuse of water for irrigation purposes will be the main cause of water shortage in Pakistan. During the period of 2005–2006, hand pumps were used for drinking water but, in time, hand pumps were replaced by motor pumps to extract water for drinking purposes both in rural and urban areas, due to which, consumption of water increased from 62% to 65% (Zaqoot et al., 2009). There is an urgent need to debate the use of surface water for domestic purposes instead of only focusing on agricultural activity. Policy-making institutions in Pakistan should pay attention to the sustainable use of water in households.
Pakistan’s Water Vision 2025 program identifies the problems responsible for the contamination and shortage of water, i.e., poor management of municipal supply; sanitation destroying the standards of clean water; a reduction in forests, which leads to soil erosion, silting of dams and reservoirs, and an increase in the outward flow of water from these reservoirs. The construction of dams to confront the water problems began in the 1960s with the construction of some major and minor dams: Warsak Dam, Khanpur Dam, Hub Dam, Mirani Dam, etc. (Siegmann and Shezad, 2006). However, unfortunately, the water policy was not able to meet its objectives.
Focusing on the future water crisis in Islamabad, the CDA has proposed a model for bringing water from other sources, and after analyzing several different routes, the use of water from the Tarbela Dam has been found to be an effective, sustainable, and inexpensive way to potentially fulfill the future water needs of Islamabad (http://www.cda.gov.pk/projects/waterSupply.asp). According to the press release, the CDA is also participating in joint projects in collaboration with the Pakistan Council of Research in Water Resources (PCRWR) to develop one hundred (100) artificial groundwater recharge sites to maintain the water table in Islamabad. The CDA tries to fulfill the requirements of water through different sources, which include dam water, groundwater, and water supplied by water tankers.
In the study area, there are two ways to fulfill the water needs: the first is surface water reservoirs and the other is groundwater. These resources have also been used all over the world to meet water demand. To overcome these issues, developing countries are using some artificial techniques as well as trying to increase their natural water storage capacity. The most appropriate artificial groundwater recharge techniques and the techniques used to enhance the efficiency of natural water resources for the study area are check dams and injection wells. Another cheaper method of fulfilling the water requirement of the capital city is the surface water supplied by Tarbela Dam.
5 CONCLUSION
The fundamental reasons for the water shortage in Islamabad are urban development and an increase in population. Climate change is also affecting the water supply in surface and subsurface water reservoirs. Islamabad Zone 1 is a densely populated area where tube wells are supplying water; therefore, a considerable drop in groundwater levels of 25–50 m has been observed. The increase in population is the reason for the increase in water consumption. In a nutshell, it has been concluded that the study area LULC changed significantly during the period of 20 years from 2000 to 2020. The built-up area increased from 2000 to 2020, growing from 3.58% to 35.17% as a result of urbanization growth. This growth in populated areas has occurred primarily at the expense of barren land, which has decreased from 19.02% to 38.99%. Vegetation cover reduced from 43.66% in 2000 to 29.03% in 2020 due to rapid urbanization. A minor change in surface water bodies during the period of 2000–2022 was observed. It was also observed during the field survey that enough surface runoff is accessible for check dams and injection wells for recharging the groundwater.
6 RECOMMENDATIONS
Recharge of groundwater can be replenished if injection wells, rainwater harvesting, and check dams (small ponds) are constructed in the area. It is suggested that piezometer hydrographs in the study area should be checked out over a period of 12 months and data should be recorded for better future development. According to previous studies, if the water storage scenario remains the same until 2025, Pakistan will face a huge shortage of fresh water. Similarly, the CDA also makes plans to overcome water shortages and increase water availability. To achieve this aim. The city government must approve the construction of canals from large dams in Pakistan.
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Under the initiative of sustainable development, green financial mechanisms have become an important object to study environmental protection and reduce energy consumption and environmental pollution. This paper explores the mechanism of green finance’s effect on China’s industrial structure through panel regression and mediating effect models using panel data from 30 Chinese provinces and cities from 2009 to 2019. The findings show that 1) the level of green finance is high in both eastern and central regions, but the industrial structure in the eastern region is the most balanced and reasonable. From the results, the consistency between the industrial structure and the level of green finance development is stronger in eastern China. 2) The study of the mechanism of green finance’s role through the intermediary effect model shows that there is an overall mechanism of green finance influencing the upgrading of industrial structure through the financial sector in China, but it is manifested as partial intermediation, and the direct role of green finance on the industrial structure is more obvious. 3) In the analysis of regional heterogeneity, the intermediary role of the financial industry does not exist in the eastern and western regions, while the central region shows a masking effect. In response to these results and to promote the transformation and upgrading of industrial structure, the recommendation of this paper is to focus on the important role of financial institutions in developing green finance to adjust industrial structure, especially in the central region, where both green finance and industrial structure are at an intermediate level. Each region should adjust its industrial structure according to the time and place and promote upgrading the industrial structure.
Keywords: Green finance (GF), industrial structure, entropy method, intermediation effect, upgrading
1 INTRODUCTION
Underdeveloped technology in high-tech industries and inefficient production within traditional industries can increase energy consumption and exacerbate the environmental crisis. There are ways to alleviate this dilemma, for example, by stimulating technological innovation (Zhang et al., 2022) or regional environmental regulation through industrial relocation or restructuring. A balanced industrial structure means more sustainable production and economic development. The focus of sustainable development is on environmental friendliness and rational allocation of resources, the core of which is energy saving and emission reduction. Inaction in energy-intensive industries can lead to increased environmental pollution and depletion of non-renewable resources. It can significantly reduce the happiness and wellbeing of people’s lives, as the quality of the environment can significantly affect people’s moods (Lu and Sohail, 2022). Reforming traditional industries, which comprise a large part of China’s economy and are vulnerable to pollution and negative externalities, is crucial to promoting high-quality and sustainable growth in the Chinese economy.
Green finance is a mechanism to finance green projects, promote technological progress, and facilitate green and sustainable economic development (Wang and Wang, 2021). Green finance contributes to quality economic development comprehensively through its positive impact on three aspects: ecology and environment, economic efficiency, and economic structure (Yang et al., 2021). Achieving the goals of environmental governance necessitates the introduction of financial resources into productive enterprises (Zhang et al., 2021). The more polluted the environment, the more effective the green finance policy (Huang and Zhang, 2021). Scholars (Eloot et al., 2013; Gabriel and de Santana Ribeiro, 2019; Sengupta et al., 2019) have expressed their views on improving China’s industrial structure. Sachs et al. (2019) argues that the financial sector can drive the development of infrastructure projects, including energy projects emphasising the importance of technological upgrading for the development of green finance. Höhne et al., 2012 emphasises environmental factors and sustainability (Liu et al., 2021) point out that green finance is an extension of the current supply-side structural reform of China’s financial sector in the context of digitalisation (Kaya and Yokobori, 1997; Höhne et al., 2012) suggest that excessive fossil energy consumption may lead to China having a higher ecological barrier, while (You, 2011) finds through empirical studies that renewable energy consumption contributes to natural, economic and social sustainability.
In addition, most scholars exploring the possibilities of sustainable development will set out to explore the regulation of the environment through policy regulations and fiscal instruments, which will play an important role in upgrading industrial structures. Beyond this, focusing on regional heterogeneity is key to addressing practical issues. This paper uses mediating effects to explore the mechanisms of influence in exploring the impact of green finance on upgrading industrial structures. Financial technologies promote the positive environmental impact of green finance, but the green role they play is unclear, and this paper aims to reveal the mechanisms of green finance development and analyse its regional differences.
This paper explores the factors that depend on the structural upgrading of the manufacturing industry and the effective path options to achieve its sustainable development from the perspective of green finance in China, providing a reference for current research and proposing policy recommendations that are conducive to sustainable development in light of the current situation. However, the selection of indicators is limited by the fact that the collection of relevant data cannot be perfectly coordinated because of the huge regional differences in China.
This study uses panel data from 2009 to 2019 for 30 provinces and cities in China, divided into three regions: the eastern, central, and western regions. According to the division of China’s three major economic zones, the eastern region includes 12 provinces (cities), and they are Beijing, Tianjin, Hebei, Liaoning, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, and Hainan; The central region includes 9 provinces (cities and autonomous regions), namely Anhui, Henan, Shanxi, Hubei, Hunan, Jiangxi, Inner Mongolia, Jilin, and Heilongjiang; the western region includes 9 provinces (cities and autonomous regions), namely Chongqing, Yunnan, Sichuan, Guizhou, Xinjiang, Qinghai, Ningxia, Gansu, and Shaanxi. Data from Hong Kong, Macao, Taiwan, and Tibet are difficult to obtain or missing for the time being. The indicator system is constructed based on the data from these regions to explore the development of green finance and industrial structure in China and each region in Figures 1, 2.
[image: F1]FIGURE1 | Geographical map of China according to the three major economic zones of the study area.
[image: Figure 2]FIGURE 2 | Hypothetical model.
2 LITERATURE REVIEW
2.1 Industrial structure
The theory of industrial structure has a long history, with the concept of industrial structure first introduced by William Petty. He argued that the fundamental reason for the different levels of national income and economic development of countries was their different industrial structures. Clark (1940) supplemented this theory with a theory of industrial structure evolution based on the theory of the relationship between national income and labour mobility. Thus, the distribution of the employed population was divided into three categories of the structure according to the different periods of economic development in economics while discussing how they changed. During this period, Kuznets (1930) explored the evolution of the structure of the distribution of national income and labour between industries and their causes. Hoffmann (1958) proposed stages in the evolution of the industrial structure based on early development experience. Input-output economics by Leontief (1986) and Tinbergen (Leontief, 1986) explored the instruments of structural adjustment in the theory of national economic policy, which complemented the theory of industrial structure. They enriched the issue of industrial structure in the course of economic development in the 1950s. Lewis (1954), the founder of regional economics, proposed a dualism of economic structure that distinguished between two industrial categories within a country - traditional and modern industries - and focused on the effects of labour supply and demand and labour costs on upgrading industrial structure. Hirschman and Lindblom (1962), the theory of industrial linkage effects states that the activities of one industry affect related industries, causing their economic activities to be affected. Higgins (1977) proposed a sustainable industrial structure growth model. In contrast to the European and American studies of industrial structure, Ozawa (1979) proposed the dynamic comparative cost theory, which argues that the comparative costs of products are transformable. The overall trend of industrial structure is to move from a closed to an open structure. These are the early industrial structure and its development history. At this stage, energy and environmental protection are the hotspots of most scholars’ research, combining emission reduction, natural resources, and environmental policies (Chang, 2015; Hang et al., 2019), advocating a diversified and balanced industrial structure (Davis and Weinstein, 2008), and focusing on the role of energy use efficiency on industrial structure upgrading (Du and Li, 2019; Yu and Wang, 2021; Feng and Wu, 2022).
2.2 Green finance
Green finance is derived from the concept of sustainable development. It can be traced back to the environmental perspective in the utility value theory, where environmental value recognises the resource effectiveness of the environment. Sustainable development and environmental protection are discussed in externality and property rights theories. Scholars in green finance advocate the use of financial instruments to realise the utility of resources and environmental protection. Green finance is an innovative financial model that aims to protect the environment and achieve sustainable use of resources. According to Sachs (2015), green financial instruments can help achieve a green environment. Gielen et al. (2015) state that energy efficiency is a central issue in the fight against environmental pollution. Green finance can help to improve energy efficiency by implementing a knowledge transition in energy efficiency through improved green energy projects and capital absorption. Green finance offers a viable option for bridging the investment gap in green buildings. Taghizadeh-Hesary and Yoshino identify (Taghizadeh-Hesary and Yoshino, 2020)green finance instruments as an important and valuable solution to attract private partners for green projects under capital pressure. Debrah et al. (2022) claim that colour finance offers a viable option for bridging the green building investment gap. Rasoulinezhad and Taghizadeh-Hesary (2022) examine the role of green finance in improving energy efficiency and renewable energy development and show that green bonds are a suitable method for advancing green energy projects and reducing CO2. Madaleno et al. (2022) argues for the need to develop a comprehensive policy to enhance environmental responsibility and green finance by financing green technologies to achieve successful energy transition and sustainable development goals. Ullah et al. (2021) investigated the multifaceted role of green innovation in Green Intellectual Capital (GIC) for business sustainability in Pakistan’s manufacturing sector. Jin et al. (2022) examined the impact of government support on production and green investment in manufacturing firms with financing needs; Sachs et al. (2019) define this as expanding investments that provide environmental benefits. It is noted that the financial industry needs to understand the SDGs embrace the concept of true long-term investment and mobilise institutionally mobilised capital to support investment opportunities, ensuring a sustainable future for all. Most scholars have also focused on the potential of green finance to achieve sustainable development (Wang, 2009; Kumar et al., 2022).
2.3 Industrial structure and green finance
Porter and Van der Linde (1995) argue that pollution caused by business activities results from inefficient production processes and that any investment in improving production processes is considered green finance. The endogenous problem is at the heart of the technological development of the industrial structure and the improvement of production efficiency within the company through the optimisation of technology, organizational structures, etc. Green finance, on the other hand, is a means of improving the industrial structure through support for resource-saving and environmentally friendly enterprises and the monitoring of polluting enterprises.
Gu et al. (2021) c conducted an empirical study to explore the efficiency and policy effects of green finance on China’s industrial transformation and upgrading by building VAR and super-efficient DEA models with relevant data. Still, there is a lack of research on regional heterogeneity, which is complemented by this paper. Gao et al. (2022) explored the impact of green finance on industrial rationality. Of interest is their application of the Thiel index and entropy methods to measure industrial rationality and the green finance development index, which provide inspiration for this paper. Hang et al. (2019) highlighted the importance of manufacturing in the Chinese economy, arguing that decoupling it from CO2 emissions largely determines the achievement of China’s transition to a green economy. This is needed to improve the industrial structure of China’s carbon development status. This paper therefore also focuses on data relating to manufacturing companies. Ding (2019) and Ning (2019) pointed out that there is a significant correlation between the green financial system and the development of high energy-consuming industries. Among them, the former argued that green finance is closely related to industrial structure and empirically investigated the relationship between the two by establishing a grey correlation analysis model based on data from 2008 to 2017. The latter analyses the correlation between the development of the six energy-consuming industries by applying grey correlation analysis and selecting the main indicators of the green financial system. Therefore, this paper focuses on the selection of data for high energy-consuming and high-polluting enterprises and treats the data of the eight high-polluting enterprises as an aspect of the negative indicators accordingly.
Green adjustment and industrial structure upgrading are the main tasks of China’s current efforts to promote high-quality economic development. As such, there are more scholars from China in this area of research. In the relevant literature, the view that green finance promotes the upgrading of industrial structures is generally accepted by scholars. Huaiyu et al. (2022) constructed a spatial interaction model using panel data from 2010 to 2017 for 14 cities and states in Hunan Province, China, to measure industrial structure development and green finance. It was found that green finance can contribute to rationalising the industrial structure using technological innovation and green consumption. Wang and Zhu (2018) pointed out that the proposal of green finance helps alleviate a series of environmental problems and limits the expansion of high-energy-consuming and high-polluting industries, and promotes the adjustment of industrial structure. An empirical analysis of the relationship between green financial development and the structure of the tertiary industry in Guizhou Province was conducted using grey relational analysis. In the relevant literature, scholars generally accept the view that green finance promotes the upgrading of individual industrial structures. The exploration of the relationship between the two is a major feature of academic research in this area, with the shortcoming being that there is less analysis of regional heterogeneity.
2.4 Sustainable development
Rachel Carson’s 1962 book Silent spring is credited with creating public awareness of the widespread environmental degradation directly or indirectly attributed to industrial enterprises. The concept of sustainable development began to take shape in the 1980s when the World Commission on Environment and Development’s (WCED) 1987 report, Our Common Future, defined sustainable development as “development that meets the needs of the present without compromising the ability of future generations to meet their needs.” Tomislav (Tomislav, 2018) summarises previous perspectives on sustainability as a concept based on development, needs, and future generations, ensuring the long-term use of resources and the possibility of guaranteeing the necessary quality of life for future generations.
Much of the early conceptions of sustainability focused on the firm’s sustainability, per capita utility, and wellbeing (Pearce et al., 1994) (Pezzey, 1989) and (Elkington, 1997) have raised the issue of the potential for technology and policy to influence the sustainability of firms in the context of enterprise development. Holmberg and Sandbrook (2019) focus on the international context and argue that sustainable development should move from conceptualization to operationalization. Torgerson (1995) argues that the public debate on the environment has largely evolved into a “primarily sustainability debate.”
Hall and Vredenburg (2003) introduced the concept of sustainable development innovation (SDI) in exploring corporate sustainability, considering the additional constraints of social and environmental pressures having a wider range of stakeholders. Silvestre and Ţîrcă (2019) argues that innovation is sustainable and is widely accepted by academics, industry professionals, and government representatives; Lee (2020) describes the different focus of different indicators internationally in terms of sustainability requirements, such as the introduction of the Genuine Progress Indicator (GPI) into economic performance indicators, Costa Rica’s Sustainable Development Indicators System (Sistema de Indicadores soarrollo Sostenable), Boston’s Composite Indicators of Sustainable Development, etc. Hörisch (2021) discusses the relationship between the COVID-19 pandemic and sustainable development, particularly the UN Sustainable Development Goals (SDGs). The author highlight how Sustainability Accounting, Management, and Policy (SAMP) research can help build a more sustainable post-COVID-19 era. Zakari et al. (2022), on the other hand, find that SAMP is also positive, showing that SAMP improves energy efficiency. Höhne et al. (2012) argues that green finance is a financial investment integrated into sustainable development projects and environmental asset policies to promote more sustainable economic development. Sachs et al. (2019) define it as the expansion of investments that provide environmental benefits. Liu et al. (2021) point out that green finance is an extension of the supply-side structural reform in China’s financial sector in a digital context. The study of green finance for industrial structure upgrading is a theoretical complement to the sustainable development of industrial enterprises and financial sustainability.
2.5 Externality
Sidgwick (1901) recognized the existence of externalities in his book Principles of Political Economy in the sense that “the individual’s right to wealth is not in all cases the equivalent of his contribution to society.” Marshall (2009), in Principles of Economics, introduced the concept of “external economies.” Pigou and Aslanbeigui (2017) further developed the theory of externalities by introducing “internal diseconomies” and “external diseconomies” in The Economics of Welfare, which eventually led to the theory of externalities. Pigou’s theory of externalities assumes that profits cannot be maximized through free competition at some point in the financial market. Government economic policy is needed to address this phenomenon to facilitate the proper functioning of the economy. The most commonly used methods include tax policy in fiscal policy. Based on the neoclassical economists’ approach to social welfare to explore externalities, neo-institutionalist economists such as (Coase, 2013)transformed the problem of externalities into a problem of property rights, arguing that effective property rights can eliminate externalities on this basis. He proposed private contracts and negotiated solutions. Coase firmly defends free markets, and according to his theory of invariance, the level of property rights in the presence of externalities is independent of the distribution of property rights. His efficiency theory argues that if externalities can be traded in the market, then equilibrium should be efficient. Still, this is often a non-cooperative game with fundamentally incomplete information in the real world. As a result, externalities are mostly inefficiently traded in markets. Demsetz (1974), following the other side of Coase’s emphasis, researched property rights, which are thought to function so that they can internalize externalities. Modern economics focuses on a combination of theory and empirical evidence to deal with real problems. Van den Bergh (2010) argues against the excessive pursuit of GDP and instead calls for a focus on human wellbeing. More emphatically, the concept of environmental externalities does not mean entering the realm of neoclassical economics, and a price tax on CO2 is likely to achieve climate sustainability. Spash (2021) argues that the theory of pollution externalities proves to be a blend of elite ethics and free-market ideology, stating that pollution can be corrected in the price system.
3 THEORETICAL MECHANISM AND RESEARCH DESIGN
3.1 Theoretical mechanism
Porter & Van der Linde’s theory of production processes and green finance argues that any investment to improve pollution in production processes should be considered green finance and that environmental regulation promotes innovation and technological upgrading. Based on this, Hypothesis 1 is proposed.
Hypothesis 1. (H1). Green finance can promote industrial structure upgrading.Sachs et al. (2019) state that the task of the financial sector is to ensure and understand the goals of sustainability and ensure that long-term investments are made to ensure a sustainable future for all people. He points out the mobilizing task and the importance of the financial sector in the sustainable development process. The financial sector’s support for energy investments also determines whether the goals of green finance can be achieved. Gielen et al. (2015) state that green finance can be achieved by improving green energy projects and absorbing capital. Based on these two discussions on the relationship between technological upgrading and the financial sector, Hypothesis 2 is formulated.
Hypothesis 2. (H2). The impact between the level of financial development and the upgrading of industrial structure is positive.According to modern empirical studies by economists on the relationship between green finance and industrial structure, for example (Gu et al., 2021), it is believed that with the help of green finance, the allocation of financial resources can be optimized, and the industrial structure can be optimized and upgraded. Ning (2019) points out a significant correlation between the green financial system and the development of high energy-consuming industries. As the hypothesis that the level of development of the financial industry impacts the industrial structure is mentioned in Hypothesis 2, the mechanism of the role of the financial industry in the relationship between green finance and industrial structure upgrading is explored. Hypothesis 3 is proposed.
Hypothesis 3. (H3). Green finance positively influences industrial structural upgrading through the level of financial sector development.Based on the current academic research on the theory of green finance for industrial structure in China, the lack of research on regional heterogeneity in China is a deficiency in the current research. Based on this, Hypothesis 4 is established.
Hypothesis 4. (H4). There is regional heterogeneity in different regions of the country, and the results of the above studies may vary due to regional differences.
3.2 Model construction
First, to test Hypothesis 1, fixed effects regression equations for output structure and green finance were developed to explore the relationship between the two. Model 1) was developed considering the control variables, and model 2) did not consider the control variables.
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To test Hypothesis 2 and explore the relationship between industrial structure and the level of development of the financial sector, models 3) and 4), without and with control variables, were developed, respectively.
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A mediating effects model was developed to test Hypothesis 3. Models 5) and 6) were developed.
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Where [image: image] is the explanatory variable industry structure, [image: image] is green finance and [image: image] represents the level of financial sector development. [image: image] is the control variable and [image: image] is the random error term. [image: image] denotes coefficient, [image: image] denotes region and [image: image] denotes the year.
3.3 Index section
3.3.1 The explained variable; green finance development level [image: image]
The level of green financial development can be evaluated based on the development status of the green financial market in each region. The ratio of the market capitalization of high energy-consuming and high-polluting enterprises to the total market capitalization of A-shares, expressed in the data, is a negative indicator of the development status of green finance. The stronger the development capacity of local high energy-consuming and high-polluting enterprises, the more it may affect the quality of the local environment. The market value share of the environmental industry is a positive indicator. The ratio of interest expenditure of high energy-consuming and high-polluting enterprises to the interest expenditure data of industrial enterprises above the scale is used as a negative indicator because the interest expenditure of high energy-consuming and high-polluting enterprises reflects the strength of their financing ability if their interest expenditure is high. It means that the enterprises have strong liquidity and better financing ability. In contrast, the strong financing ability of high energy-consuming and high-polluting enterprises with better development may bring about local environmental pollution, so this indicator is negative. Agriculture is an industry affected by the natural environment, so the scale of agricultural insurance and the payout rate can reflect the development of green insurance approximately. The data were obtained from Wind at the abase, China Industry Statistical Yearbook, China Insurance Yearbook, and the official website of the National Bureau of Statistics. The entropy value of panel data was used to calculate the composite index.
The indicators were first standardized. Positive indicators.
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The positive and negative indicators in the standardization process indicate that the larger the indicator, the better the rating; the smaller the indicator, the worse the rating, respectively. Where [image: image] is the year, [image: image] is the region and [image: image] is the project. [image: image] is the original value of a project in a given year and region before processing, [image: image] is the value after standardization, [image: image] and [image: image] are the maximum and minimum values for each project, respectively. New values are calculated each year for both regions and projects.
The second step carries out the normalization process.
[image: image]
[image: image] denotes the values after standardization, divided into regions, and summed to give one observation per region per year.
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[image: image] denotes the normalized value. [image: image], indicates the total number of areas, If [image: image], then define [image: image].
The fourth step is to calculate the redundancy.
[image: image]
The fifth step is to calculate the final indicator weights.
[image: image]
The sixth step is to calculate the weighting of the final score for the indicator, which represents the normalized value and the weighting.
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See Table 1 for the specific arrangement of the indicators.
TABLE 1 | Green finance indicators.
[image: Table 1]3.3.2 The explained variable; industrial structure upgrade ([image: image])
Two dimensions are used to express the rationalization of industrial structure (RIS) and the advanced industrial structure (AIS). This paper uses the modified Theil formula of Gan Chunhui (2011) to calculate the rationalization of industrial structure (RIS).
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Where L and Y denote employment and output, respectively, [image: image] denotes the region and [image: image] indicates the industrial sector. The ratio of annual value-added of each region in the tertiary and secondary sectors is then used as an indicator of the advanced industrial structure (AIS).
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3.3.3 Intermediate variables; financial industry development level ([image: image])
In the field of economics, mediating effects are also a new way of dealing with panel data.
Explore the independent variable X through which M plays a role in the process while making an effect on the dependent variable Y. Then call M a mediating variable of X and Y.
As shown in Figure 3, mediating effects are usually modelled in three ways. Model 1 produces coefficient [image: image] when Y acts on X, model 2 represents coefficient [image: image] when the correlation between M and X is measured, and model 3 adds the mediating variable M to measure the relationship between X and Y. If the coefficient [image: image] of model 3 is significant, it indicates that the mediating variable M plays a corresponding role in the action of the explanatory variable X and the explained variable Y.
[image: Figure 3]FIGURE 3 | Mediating effect test model.
There are three measures of the intermediate effects model: the causal stepwise regression test, the multiplicative coefficient method, and the modified causal stepwise regression method. The causal stepwise regression test was proposed by Baron and Kenny (1986), and the test is a three-step process.
Step 1. Analyse the regression of X on Y and test the significance of the regression coefficient c.
Step 2. Analyse the regression of X on M and test the significance of the coefficient a.
Step 3. Intervene in the mediating variables and test the significance of b and c'.The principle of the mediating effect test is shown in Figure 4.However, as time passed, Baron and Kenny’s stepwise method was found to be flawed, and the more widely accepted method was the product test. Hayes and Preacher (2014) suggested using the Bootstrap method for the significance of the relative mediating effect, which is judged by the Bootstrap confidence interval that is derived. If the confidence interval does not contain 0, the relative mediating effect is significant.In order to make the results more reliable, this paper uses the bootstrap method for testing after taking a stepwise regression approach.Financial development was selected as the mediating variable based on the above discussion. Notated as [image: image].
[image: image]
The entropy method introduced above was then used to measure the composite index of industrial structure upgrading. Data were extracted from the provincial statistical yearbooks and the official website of the National Bureau of Statistics.
[image: Figure 4]FIGURE 4 | Flow chart of the mediating effect.
3.3.4 Control variables
Economic growth is importantly linked to natural resources and their use, and the decoupling of economic growth from natural resource use is also an important issue of concern (Giljum et al., 2005). The level of economic growth is naturally an important indicator of resource utilisation, and this paper uses the natural logarithm of GDP as an indicator of regional economic development level (REDL). When most scholars study industrial structure, they mainly focus on the impact brought by foreign direct investment (FDI) and import/export because environmental regulations can have a great impact on the location of factories (Cole et al., 2017). Therefore this paper uses the ratio of FDI to regional GDP as an indicator of FDI. Openness (OPEN) is in turn closely related to the level of FDI (Grossman and Helpman, 1991), so the indicator of actual FDI utilized in the region is divided by GDP. the level of urbanization (URBAN) is one of the important factors for industrial transformation and is therefore used as one of the control variables. Sarkodie et al. (2020). showed that fossil fuel energy consumption and human capital are favourable catalysts for climate change; Chankrajang and Muttarak (2017) also noted that people with higher education would be more likely to take knowledge-based environmental action; Salim et al. (2017) identified a significant negative human capital-energy consumption relationship in China, suggesting that a 1% increase in human capital could reduce energy consumption by 0.18%–0.45%. They attribute this to the strong post-graduation human capital accumulation in the east. Based on these studies of the relationship between human capital and energy consumption, the number of students enrolled in general colleges and universities in the selected region was divided by the total local population. The level of marketization (ML) refers to the share of the government’s fiscal expenditure budget in GDP, and fiscal policy reflects, to some extent, the environmental basis for the region’s transformation and upgrading. Production Status (PS), total output/total employment, reflects the production status of each province and city. The real FDI and import/export of each region are converted into RMB at the average exchange rate of the current year in USD. Data are obtained from provincial statistical yearbooks, Wind database and the official website of the National Bureau of Statistics. See Table 2 for the specific calculation method.
TABLE 2 | Indicators of control variables.
[image: Table 2]Figure 5 shows the mechanism of operation.
[image: Figure 5]FIGURE 5 | Theoretical Mechanism and research design.
4 RESULT FROM ANALYSIS
4.1 Regional level of green finance development
The results of the composite index measurement show that the western region’s level of green financial development is generally higher than other regions and higher than the national average. The eastern region is almost in line with the national average, while the central region is developing slowly. All three regions have shown an overall upward trend in the development of green finance in recent years, and the pace of development has been faster. The map drawn by the comprehensive green finance index measured by the entropy method is shown in Figure 6.
[image: Figure 6]FIGURE 6 | A geographical map of China’s level of green finance development.
4.2 Level of upgrading of industrial structure
A map based on the Theil entropy calculation of Advanced Industrial Structure (AIS) and Rationalised Industrial Structure (RIS) and the composite index of the two obtained by the entropy method of panel data is shown in Figures 7, 8, with the size of the circles indicating the level of regional green finance. The Rationalisation of Industrial Structure (RIS) index shows a strong regional clustering. The more economically developed eastern region has a generally reasonable industrial structure, followed by the central region and the western region to a lesser extent. This trend of diminishing from east to west can also be seen in the colour change. It shows that the Yangtze River Delta, Beijing-Tianjin-Tang, and Pearl River Delta regions have a stronger consistency between green financial development and industrial structure. These regions have a higher level of urbanization, with developed industrial bases, high-tech industrial parks, and mature service industries. As such, both financial sustainability and industrial structure upgrading have reached a high level.
[image: Figure 7]FIGURE 7 | China’s industrial structure and the state of green finance development.
[image: Figure 8]FIGURE 8 | Fitted graph of green finance and industry structure.
4.3 Robustness tests and baseline regression results
Based on the econometric model constructed above, the positive impact of green finance on the industrial structure was examined by first logging and tailing the data. It was followed by determining the use of a fixed-effects regression model through Hasman’s test, as well as establishing a correlation coefficient matrix and multiple cointegration test to determine the reliability of the fixed-effects regression results. Please see Table 3 for the results of the descriptive statistics. The results of the descriptive statistics showed that there was little variation within data groups between each indicator and the data was relatively smooth. The median and mean of each data group are close to each other, and the distribution of data is concentrated, with a low degree of dispersion. It may follow a normal or approximately normal distribution. The maximum value for the level of industrial structure development is 0.751, the minimum value is 0.155, and the standard deviation is 0.107. The maximum value for the level of green financial development is 0.169, the minimum value is 0.039, and the standard deviation is 0.025. The standard deviation of each variable is not large, indicating that the remaining data do not fluctuate much and no extreme values appear.
TABLE 3 | Descriptive statistics results.
[image: Table 3]China’s regional industrial structure will improve as green economic development increases. Intuitively, it is assumed that the level of regional green finance and financial development will positively impact the optimization of the industrial structure. This suggests that the level of green finance and financial development in each province and city is positively correlated with the level of industrial structure development. The more emphasis placed on green financial development, the more reasonable the industrial structure of that province and city. The level of financial development is also positively correlated with the industrial structure, the higher the level of financial development, the more reasonable it is. This result is consistent with the preliminary hypothesis of this study.
As to whether the development status of green finance in each region will impact the role of green finance in the process of industrial structure optimization, the extent of the impact is not yet obvious.
To test Hypothesis 1, Hypothesis 2, fixed effects regressions were conducted with and without the control variables. The results are shown in Table 4. The regression results without the inclusion of control variables show that both green finance and financial sector development positively impact industrial structure. The gradual inclusion of control variables remains significant, and the coefficients are also positive. This indicates that the level of green financial development (GFDL) in model 1) can promote the upgrading of industrial structure (UIS), and the overall regression results are as expected. In model 2), after adding the control variables and then in the regression equation with green finance as the explanatory variable, the production capacity (PS) has an inverse effect on the industrial structure, indicating that the output value does not indicate the level of industrial structure. The level of marketization (ML), on the other hand, is a positive indicator, and this indicator is highly significant, indicating that the degree of regional marketization can have a positive impact on the upgrading of the industrial structure. The coefficient of technological development level (TDL) is negative. It seems that the amount of R&D expenditure in a region does not positively influence the upgrading of industrial structure at present. Higher levels of urbanization (URBAN) and economic development (REDL), and human capital (HC) are more likely to contribute significantly to the upgrading of regional industrial structures. In contrast, this study found no significant positive relationship between openness to the outside world (OPEN) and foreign direct investment (FDI).
TABLE 4 | Fixed effects regression results.
[image: Table 4]The results of the equation of model 4) with the addition of control variables show that in the model with financial sector development as the explanatory variable, productive capacity (PS), technological development level (TDL), openness (OPEN), foreign direct investment (FDI), and human capital (HC) do not have a positive impact on the upgrading of the industrial structure. The main positive influences are the level of marketization (ML), the level of urbanization (URBAN), and the level of economic development (REDL).
4.4 Intermediary effects regression model
Hypothesis 3 was tested by establishing a mediating effect regression model. This paper delves further into how the level of financial sector development as a mediating variable affects the achievement of green finance objectives by constructing models 5) and 6). Because of the obvious differences in economic development and urbanisation levels between regions, they are divided into eastern, central, and western regions according to the method of dividing China into three major economic zones.
The most appropriate model is determined by gradually adding control variables. According to the analysis above, most scholars consider technological factors, economic development level, foreign direct investment, human capital, and market-oriented factors (fiscal expenditure budget) when studying industrial structure upgrading. The paper also finds that these factors give the best and most realistic results when used as control variables for the level of development of the financial sector when selecting the appropriate control variables. After running stepwise regressions, the coefficients were highly significant at all three stages. To increase the robustness of the model, the Sobel test and Bootstrap method were carried out to check the robustness, respectively.
The results of the Sobel-Goodman test showed a direct effect of 1.588, an indirect effect of 0.293, and a total effect of 1.882, with a mediation effect of 15.6% of the total effect. This indicates that partial mediation occurred. The results are shown in Table 5.
TABLE 5 | Sobel-Goodman test results.
[image: Table 5]The results of the Bootstrap test were also as expected, with both the z-value and the 95% confidence interval passing the significance test that a mediating effect was present. The results are shown in Table 6.
TABLE 6 | Bootstrap test results.
[image: Table 6]4.5 Regional heterogeneity analysis
Having explored the mechanisms of the impact of green finance and financial sector development on the industrial structure in general, we next delve into a regional heterogeneity analysis. The best results are still sought by gradually adding control variables. The first regression is a fixed effects regression without any control variables. The results show that the impact of green finance on the industrial structure is significant and positive in the eastern, central, and western regions. The impact of the financial sector on the industrial structure is also significant and positive. These prove the validity of Hypothesis 1, 2. The results can be seen in Tables 7, 8.
TABLE 7 | Regression results based on Hypothesis 1 sub-region without the inclusion of control variables.
[image: Table 7]TABLE 8 | Regression results based on Hypothesis 2 sub-region without the inclusion of control variables.
[image: Table 8]First, as shown in Table 9, the addition of the control variables foreign direct investment (FDI) and (OPEN) did not have much effect on the original hypothesis. The impact of green finance on the industrial structure is positive in the eastern, central, and western regions. The impact of foreign direct investment (FDI) on the industrial structure is shown to be negative in both eastern and western regions. It does not positively affect industrial structure upgrading, a situation that suggests that the presence of multinational companies may have a negative effect on regional industrial technology upgrading. In contrast, the share of such FDI in the three industries significantly affects the balance of the three industries in each region and may not be conducive to regional equalisation of the industrial structure. Because the actual situation differs from region to region, the central region may have a greater need for imports, exports, and foreign investment to promote an advanced regional industrial structure.
TABLE 9 | Regression results based on the inclusion of control variables for Hypothesis 1 sub-region.
[image: Table 9]As shown in Table 10, with financial sector development as the independent variable and the rest gradually added as control variables, none of the results is altered except for the significant positive effect of the level of urbanisation (URBAN). Such results illustrate that the level of financial development is, to a large extent, a direct contributor to the upgrading of the industrial structure.
TABLE 10 | Regression results based on the inclusion of control variables for Hypothesis 2 sub-region.
[image: Table 10]Having explored the conditions under which Hypothesis 1 and 2 are valid by sub-region, we move on to Hypothesis 3. We explore Hypothesis 3 in the sub-regional situation and examine the relationship between green finance and the level of financial sector development and the mechanism by which it acts to upgrade the industrial structure.
We follow Hypothesis 3 and examine the financial sector development as a mediating variable.
Again, the results when no control variables are included are shown in Table 11. The significant mediating role of the level of financial sector development in the central region indicates that green finance is influencing the upgrading of the industrial structure through the level of financial development. The region needs to further develop its economy to promote the green transformation of the industrial structure and form a virtuous cycle. The eastern and western regions, on the other hand, show that there is no mediating role for the financial sector, and the gradual addition of control variables remains fruitless. The results show that financial sector intermediation is not present in the eastern and western regions, and combined with the results of the above studies, as shown in Tables 7, 8, the direct impact of green finance on upgrading industrial institutions may be greater.
TABLE 11 | Overall results for the three regions with financial sector development as a mediating variable.
[image: Table 11]The study was repeated with the addition of control variables, and the results are shown in Table 12. For the central region, production status (PS), regional economic development level (REDL), foreign direct investment (FDI), technological development level (TDL), openness to the outside world (OPEN), and human capital (HC) were selected as control variables, and the results were optimal at this point. In the stepwise regression process, it was found that the values of the coefficients of the explanatory variables were not significant in the third stage. In this case, based on the principle of mediating variables, it is possible that there is a masking effect, i.e., after the inclusion of the control variables, green finance can only have an effect on the industrial structure through the development of the financial sector. In the central region, the level of industrial structure affected by green finance is still largely determined by the level of development of the financial sector, and in this mechanism of action in the central region, green finance mainly acts on industrial structure through the financial sector and enhances the positive relationship between green finance and industrial structure. As shown in Table 13, such results are still prevalent even with the inclusion of control variables.
TABLE 12 | Central Region results for financial sector development as a mediating variable.
[image: Table 12]TABLE 13 | Regression results for Central Region with financial sector development as a mediating variable.
[image: Table 13]5 CONCLUSION AND COUNTERMEASURES
5.1 Research conclusions
This study first explores the regional linkages between green finance and industrial structure development in various regions of China through the measurement of comprehensive indicators.
The results of the study are as follows.
1. The findings show that green finance and financial sector development positively impact industrial structure upgrading at a national level, confirming the validity of Hypothesis 1, 2, 3. In order to investigate Hypothesis 4, the study was repeated by region, with very different results.
2. After the gradual inclusion of control variables, the regions showed significant regional differences. The absence of intermediation in the eastern and western regions predicts a strong direct influence. In contrast, the western region follows the mechanism of action of the mediating variable of financial sector development, confirming the validity of Hypothesis 3.
3. Economic development may come at the cost of damage to the environment (Wang et al., 2019; Lu and Sohail, 2022), but regions with higher levels of economic development can make efficient use of resources through more sophisticated technology and better promote industrial upgrading. The western part of China is rich in resources and spreads many heavy industries, so the industrial structure has not reached a reasonable level but has improved somewhat thanks to environmental regulations in the last 2 years.
4. The fixed effects regression model answers Hypothesis 1, 2, namely that green finance and the level of financial development have a significant positive impact on industrial structure. This result still holds after adding a large number of mediating variables. The results still hold after the inclusion of a large number of mediating variables, indicating that both have a significant positive effect on upgrading the industrial structure.
5. To explain Hypothesis 3, the specific mechanism of action of green finance is explored in depth for the intermediary effect analysis. The previous research results show that the financial industry significantly affects the level of regional green finance development. The development of finance was studied as a mediating variable, and the findings suggest that the mediating role of the financial sector is important at the national level, which is consistent with the Hypothesis 3 at the beginning of this paper. However, due to the large regional differences in China, regionally, this mechanism is more pronounced in the central region. Feng and Wu (2022) argue that financial development moderates the link between the rationalisation of industrial structure and the scale of carbon emissions and per capita carbon emissions in southern China, highlighting the formation of regional heterogeneity and the need to tailor policies to local conditions. From existing literature, R&D investment is positively correlated with natural resource use efficiency, so financial development positively impacts natural resource use efficiency. Capital can be reallocated through financial intermediation and financial markets, and limited resources can be invested in areas with higher productivity and output growth rates to drive the optimisation and upgrading of traditional industries (Xu and Tan, 2020). Thus, the results of this paper suggest that green finance plays an important role in the financial sector in promoting the upgrading of the industrial structure in the central region, which has a more balanced resource, financial development, and a sound industrial structure. Such a conclusion is in line with reality.
5.2 Countermeasures and suggestions
The recommendations based on this phenomenon are as follows.
a. Unlike other environmental regulations, China’s Green Credit Guidelines internalise a company’s environmental risk as a lending channel; companies with high environmental credit risk face high barriers to accessing loans (Li et al., 2022). There are significant differences in the actual situation of each region itself. The eastern economic belt, with its faster economic development, should continue to build a green financial system based on green credit and investment to support the development of environmentally friendly enterprises. In the central and western regions, where industrialisation is more advanced, green credit should be restricted to polluting enterprises. Provinces and municipalities should implement specific policies in line with the requirements of the “double carbon” policy.
b. The western regions have a greater demand for green financial development, but there are shortcomings in industrial restructuring. These regions should insist on developing technology-intensive enterprises while receiving labour-intensive industries from the east. Boosting the upgrading of industrial structure and playing a greater role in the new round of western development and the double cycle pattern.
c. Tourism is a natural low-carbon economy, and central regions such as those in the Yellow River basin can develop special tourism to promote the development of local cultural industries. Resource provinces such as Shanxi should adjust their energy structure and improve energy efficiency, and green financing can be developed to promote the reform of related industries. In the west, green agriculture can be developed to improve technological input in agriculture and reduce environmental pollution, as in Inner Mongolia. The manufacturing industry is the pillar industry of the coastal and eastern regions and can continue to develop while taking advantage of its resources, increasing investment in talent, and promoting innovation. Although the development of the economy has brought about the development of finance and services, the status of the manufacturing industry must not be reduced so as not to cause more financial bubbles and industrial hollowing out, which will affect exports and affect development.
d. Increase policy support, employment and tertiary sector development under the epidemic is not optimistic. The secondary sector is also affected, affecting the supply chain; reforms in logistics and transport should be promoted (Fan et al., 2022). Digital trade and teleworking should be supported, technological innovation should be increased, and the emergence of new professions should be encouraged and regulated.
e. Economic and industrial structure development are mutually reinforcing, and efforts should be made to explore economic development opportunities in each region. Thus, promote the renewal of human resource development mechanisms, encourage innovation, support technological change, improve energy use efficiency and achieve structural adjustment.
f. At a micro level, if environmental regulation is to be achieved to promote sustainable development, as suggested by Ren, Z. and R.Y. Hussain (Ren and Hussain, 2022), it is possible to promote green behaviour and green production by encouraging Green Human Resource Management (GHRM) within manufacturing companies.
In short, we should continue to promote and reform technology, policy, and talent training, focusing on less economically developed regions. Local governments should also strive to explore opportunities for economic development, promote regional economic development, adjust the energy structure and restructure the industrial structure.
5.3 Theoretical implication
It complements the theoretical research on green finance as an important stage in the evolution of the concept of sustainable development. The practice of green finance in China is relatively late and has been relatively popular in the Chinese academic community in recent years, focusing mainly on qualitative research on policies and quantitative research stages on green industries, green technology innovation, and the effects of green policies (Qi and Qi, 2020). This paper complements the limited research on the relationship between green finance and industrial structure and focuses on regional heterogeneity.
5.4 Practical implications
The economic development goals for the 14th Five-Year Plan period focus more on the people’s aspirations for a better life, emphasing innovation, technological development, and the integration of the service and manufacturing sectors. It is an important way to narrow the income gap and promote social equity in the post-epidemic era. In the context of global economic development, technological upgrading and the development of green production and low-carbon economies are common measures taken by countries along the Belt and Road to reduce global climate risks and economic losses. Policies to optimise the ecological environment are of great importance for global climate improvement and human development.
5.5 LIMITATIONS AND FUTURE RESEARCH
This paper has not explored in-depth the mediating role played by other variables in the absence of a significant mediating role of the financial sector and the mechanisms of this role. As such, research on this aspect can be explored in-depth in future studies. Due to data availability, more data were not included in the reference. Although environmental factors were taken into account in selecting indicators for green finance, environmental regulation did not interact with the overall study. It should be included in future studies as well as in green total factor productivity, which may lead to more accurate results.
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More and more green manufacturers are entering the market, which poses a challenge to ordinary manufacturers as to whether they must produce environmental products. Motivated by competition between green manufacturers and ordinary manufacturers, this study examines how an ordinary manufacturer that produces a traditional product (product 1) adapts its product portfolio to compete with a new-entrant green manufacturer. The sale period is divided into two periods. In period 1, the green manufacturer enters the market and provides one green product (product 2). Subsequently, the ordinary manufacturer decides whether to develop a green product (product 3) in period 2. The products are differentiated in two characteristics: traditional quality and environmental quality. We derive the demand function by comparing the consumer utility obtained from the three products. Then, we investigate the ordinary and green manufacturers’ optimal decisions using game theory. Furthermore, we study how government subsidy of green products affects the two manufacturers’ decisions. Finally, we extend our model to discuss the market position of the two green produc2ts when the green technology level is fixed for two manufacturers. Our study suggests that 1) the ordinary manufacturer may not introduce the green product when the difference in environmental quality between two green products is much larger; 2) government subsidy is effective in stimulating the ordinary manufacturer to introduce green product, especially when the traditional manufacturer could provide high-environmental-quality product; and 3) the manufacturer’s green technology level and green technology maturity, and consumers’ willingness to pay for traditional quality, together affect product position.
Keywords: product competition, environmental quality, price, government subsidy, product market position
INTRODUCTION
Green products with environmental technology development have recently captured the interest of the public and private sectors. With the rise in consumers’ environmental awareness, manufacturers that only produce environmentally friendly products (for example, Tesla) are entering the market, imposing high competitive pressure and eroding the market share of ordinary manufacturers that often only produce traditional products without much environmental consideration. For ordinary manufacturers (incumbent manufacturers), one strategy is to use pricing to compete with the entrant. In some cases, the incumbent may introduce new products with environmentally friendly design to compete with the entrant. For example, traditional car makers such as Nissan, General Motors, and Chevy Volt have introduced electric or hybrid cars to capture the markets in search of higher profit (Cohen et al., 2015).
However, if an ordinary manufacturer introduces an inappropriate product, it may fail to capture the market share and obtain a higher profit. A study of 126 U.S. durable goods firms reported that 40% of new products failed after launch (Ettlie, 1993). Manufacturers must make trade-offs between the design and performance of a product in the new product development process, and they must take account of competing products in the market. In the context of environmentally friendly product for ordinary manufacturers, whether to introduce a green product version and, if so, its environmental quality (i.e., whether it shall be higher than, lower than, or the same as that of the green manufacturer) are critically important for success in the market. Therefore, the purpose of this paper is to understand how an ordinary manufacturer can develop its product portfolio to face competition from a newly emerging green product maker. Specifically, we primarily address the following questions:
1) How would the entrant’s green product influence the incumbent’s strategy to accommodate the entrant (i.e., introducing one green product or not)?
2) In what conditions could the ordinary manufacturer introduce green product, and what kind of green product could be introduced?
3) How does the government subsidy affect manufacturers’ strategies?
We consider a competition problem between two manufacturers: manufacturer 2 (the entrant and the green product’s producer) sets the price for its green product (product 2) and enters into the market. The incumbent firm (ordinary manufacturer/manufacturer 1) provides traditional product (product 1) for consumers in the market and decides whether to introduce a new version of product (product 3) to compete with the entrant. We assume that each product has two basic attributes: the traditional attribute/quality and the environmental attribute/quality. We assume that the three products’ traditional attributes are the same: first, we study the optimal prices of products 2 and 3, considering product competition. We also present the incumbent firm’s optimal product strategy using simulation; then, we analyze the effects of government subsidy of green products on the strategies of manufacturers 1 and 2. Considering the three products’ different traditional and environmental attributes, we first study the optimal traditional quality and price of product 2 and discuss products 2’s optimal market positioning; then, we explore product 3’s traditional quality and price when manufacturer 1 decides to produce green product, and we discuss product 3’s optimal market position. We obtain several interesting conclusions: when the three products have the same traditional quality, then 1) the ordinary manufacturer may not introduce green product when the difference in environmental quality between two green products is much larger; 2) government subsidy could encourage the ordinary manufacturer to produce green product, and the subsidy would be more effective in incentivizing the ordinary manufacturer to produce green product if the ordinary manufacturer could produce higher-environmental-quality product; and 3) product 2’s market position is determined by the environmental quality of product 2, the green cost coefficient, and consumers’ willingness to pay for traditional quality, while product 3’s market position is determined by the green cost coefficient and product 3’s environmental quality.
The contribution of the paper is threefold. First, few articles have studied how ordinary manufacturers respond to the entry of green manufacturers (Benthem et al., 2008; Lobel and Perakis, 2011; Alizamir et al., 2016). However, it is meaningful to explore how ordinary manufacturers react to green manufacturers, especially when there are more and more green manufacturers entering the market. Second, most studies (Zhang et al., 2015; Zhu and He, 2016; Li et al., 2020; Liu et al., 2021) of green products have focused on the environmental quality (e.g., the carbon emission of a vehicle) of green products but neglected the traditional quality (e.g., the safety of the electric vehicle) of the product. However, traditional quality is often the first factor to be considered by the consumer, especially when the traditional quality of the green product is worse than that of the ordinary product. Third, studies of market entry have mainly focused on the optimal pricing and entry times (Klastorin and Tsai, 2004; Schmidt and Druehl, 2005; Alptekinoglu and Corbett, 2008; Seref et al., 2016) but have not considered quality differences between two products. In fact, the entrant’s product and the incumbent’s product are always different. In this study, we extend prior research by considering that the entrant’s and the incumbent’s products are distinct in two aspects, namely, their traditional and environmental qualities, and we discuss products’ market positioning problem.
This paper is organized as follows. The Literature review section gives the related literature. The Model description and analysis section presents products’ optimal prices and manufacturer 1’s product strategy (introducing or not introducing green product). The Government subsidy section illustrates how the government subsidy affects the manufacturers’ decisions. The Extension section extends the model to a scenario in which the three products are different in traditional quality and gives the optimal product position of the green products. The Discussion section discusses the main results. The Conclusion and future research section concludes the paper. All proofs are relegated to Appendix A.
LITERATURE REVIEW
There are two streams of research directly related to our study. The first stream investigates how to determine the environmental quality and the price of green products and the impact of government policy on manufacturers’ strategies. The environmental quality of the product includes the clean-up level, emission level, and eco-labeling. Chen (2001) examined how to design the traditional and environmental quality and price of both green and traditional products to maximize profit and found that green product development and stricter environmental standards might not necessarily benefit the environment. Amacher et al. (2004) investigated how to set green technology investment (eco-labeling) to maximize the manufacturer’s profit, and they showed that socially optimal investment for both firms is always positive but is lower than in the duopoly solution. Su et al. (2012) detailed how Zero-Sum and Synergy technology impact the market structure strategy for green products and indicated that to increase total green quality, investing in technology improvement to enable Synergy is more effective than introducing more products. Liu et al. (2012) showed how to set environmental quality with retailer and manufacturer competition. Yang et al. (2020) studied the equilibrium solutions that two enterprises can achieve in terms of technical strategies and analyzed the effect of government subsidies, concluding that government subsidy is conducive to expanding the green product market and improving social welfare. Işık et al. (2021) investigated the convergence of per capita ecological footprints. Tirkolaee et al. (2021) proposed an integrated decision-making approach for green supplier selection to provide products with lower prices and higher quality. Isik et al. (2021) investigated the validity of the environmental Kuznets curve hypothesis for eight OECD countries. Goli et al. (2020) aimed to minimize the related costs and total CO2 emissions and to maximize social responsibility, considering lead time for the production and delivery of perishable products. They showed that the novel hybrid algorithm provides Pareto solutions with acceptable quality and diversity. Lotfi et al. (2022) investigated the time–cost–quality–energy–environment problem in executing projects with resource constraints.
With the government policy (e.g., environmental standard, subsidy and tax policy), Bansal and Gangopadhyay (2003) investigated a policy of discriminatory subsidy and concluded that it improves welfare and also mitigates total pollution; they concluded that a policy of discriminatory subsidy is welfare-improving and also mitigates total pollution. Lombardini-Riipinen (2005) investigated how governments set socially optimal emissions and commodity tax policy and showed that when firms compete in environmental quality, a combination of a uniform ad valorem tax and an emission tax can induce the social optimum. Yakita and Yamauchi (2011) explored how the environmental R&D strategies of firms in symmetric equilibrium affect levels of social welfare and found that the degree of product differentiation is positively correlated with social welfare. Alizamir et al. (2016) analyzed how the government sets electricity purchasing prices using a feed-in tariff policy with renewable energy technologies. They characterized a no-delay region in the problem’s parameters, such that the profitability index should strictly decrease over time if the diffusion and learning rates belong to this region. Raz and Ovchinnikov (2015) presented a stylized framework for analyzing the design of government incentives for public-interest goods. Işık et al. (2022) investigated optimal government spending levels considering the environment and GDP. Cohen et al. (2015) studied government subsidies for the green technology adoption price-setting newsvendor model and showed that when policymakers such as governments ignore demand uncertainty when designing consumer subsidies, they can significantly miss the desired adoption target level. Hong et al. (2021) examined the impact of corporate subsidy and consumer subsidy policies on a market comprising two vertically differentiated products: green products and low-green products. They found that subsidy for firm policy is capable of inducing a higher level of green product adoption than subsidy for consumer policy. Işık et al. (2020) explored the efficacy and the impact of the economic policy uncertainty index in predicting the tourism demand on international tourist arrivals. Chen et al. (2022) developed a differential game-based model to explore optimal production and subsidy rates considering the different objectives of maximizing government social welfare and maximizing government utility.
However, most of the literature has only employed environmental quality in differentiating products and has focused on how to set green products’ environmental quality and prices and on the impact of government policy; they have not considered competition between ordinary and green manufacturers. In this article, we distinguish green product and ordinary product in two aspects: traditional quality and environmental quality. This is in line with reality because the traditional quality of some environmental products is lower than that of ordinary products. We also explore whether the ordinary manufacturer must adjust their product strategy to compete with the green manufacturer. The second stream of relevant literature, accordingly, includes papers that analyze problems related to entry model with price competition. Alptekinoglu and Corbett (2008) studied competition between two multi-product firms with distinct production technologies in a market where customers have heterogeneous preferences on a single-taste attribute and found that an MP facing competition from an MC offers lower product variety than does an MP monopolist to reduce the intensity of price competition. Plambeck and Wang (2009) investigated how two manufacturers determine the prices of old and new products, when there is e-waste regulation of new product introduction, in a stylized model of the electronics industry, and showed that a fee upon sale would increase manufacturers’ profit. Koca et al. (2010) studied product rollover strategy decisions, in which a firm decides whether to phase out an old generation of a product to replace it with a new generation, with either a dual or single roll; they concluded that lower market risk and higher performance improvement for the new generation are associated with the single roll strategy. Su and Rao (2011) studied the timing of new product pre-announcement and launch when two firms compete in the same market and showed that anticipated competitor’s timing choices are the most significant factors. Rubel (2013) studied how firms price new products when they do not know the timing, nor the nature, of the next competitive entry and demonstrated that the randomness of competitive entries makes forward-looking managers choose constant prices. Seref et al. (2016) investigated optimal timing and dynamic pricing when one manufacturer plans to introduce a stream of new products into the marketplace and found that in the single-product rollover case, when price effects dominate diffusion effects, a single-generation solution is optimal. Wang et al. (2016) analyzed the role of pricing and branding in an incumbent firm’s decision when facing competition from an entrant firm with limited capacity; they showed that the incumbent may even increase its price and successfully deter entry by investing in consumers’ preferences for its product. Yu (2018) developed a game theory model to examine the role of green consumerism in competition by combining green and brown products and concluded that enlarging the size of the green customer group may result in a loss–loss situation for manufacturers. Hafezalkotob (2018) established a set of green and non-green production competition models to investigate the balance between green and non-green product types under different modes of government intervention. Hong et al. (2018) investigated green product pricing issues by considering consumer environmental awareness and non-green product references. The results showed that differential pricing strategies should be adopted, facing consumers with differential purchasing behaviors. Hafezalkotob (2018) discussed direct and indirect schemes of government intervention in the competition between green and non-green supply chains and concluded that when choosing an appropriate schema, the corresponding effects on the stakeholders should be considered. Li et al. (2021) investigated a manufacturer’s encroachment decision in a dual-channel supply chain with two differentiated green products and stated that for the green manufacturer, the encroachment strategy can outperform the no-encroachment strategy in terms of profitability, social welfare, and environmental performance. Hua et al. (2022) developed two pricing models to address competition between green and non-green products. Işık (2013) examined the importance of creating a competitive advantage in terms of economies.
The aforementioned literature mainly discussed products’ price competition between green and traditional manufacturers and the optimal time of entering the market, but most of them neglected differences in product quality. In this paper, we not only study price competition among products that have different environmental and traditional qualities but also discuss products’ marketing position problems and the impact of government policy on firms’ strategies. We summarize the most relevant papers in Table 1.
TABLE 1 | Studies related to our paper.
[image: Table 1]MODEL DESCRIPTION AND ANALYSIS
In this section, we first present descriptions of the manufacturers, products, and demand functions and then explore optimal strategies for the ordinary and green manufacturers. We designate the incumbent firm (i.e., the ordinary manufacturer) as manufacturer 1 and the entry firm (i.e., the green manufacturer) as manufacturer 2. Manufacturer 1 provides ordinary product (named product 1) and manufacturer 2 provides green product (named product 2) in the marketplace.
Model description
Manufacturer
We consider a green manufacturer as an entrant to the market when there is already an ordinary manufacturer in the marketplace. The green and ordinary manufacturers are competitors. The ordinary manufacturer produces one product: an ordinary product without any environmental characteristics. The green manufacturer provides a green product. As a new entrant, the green manufacturer must determine what kind of green product will meet consumer demand and compete with the ordinary product. In other words, the green manufacturer must determine the environmental quality and price of the green product. Then, with the competition, manufacturer 1 will determine to whether to introduce green product (named product 3) to capture more market share.
Product
We assume that each product has two attributes, traditional and environmental, for which individuals may express quantifiable preferences. Given the assumption that both attributes behave as “qualities” (i.e., consumers who value each attribute prefer higher levels to lower levels on the attribute), we refer to them as “traditional” and “environmental” qualities (denoted by qt and qe and [image: image]) (Chen, 2001). For example, qt and qe could represent the durability and the carbon emission of one product. We assume that the environmental quality of product 1 is zero ([image: image]), and in this section we focus on environmental quality. Hence, we give the following assumption.
Assumption 1. Assume that the traditional qualities of the three products are equal: [image: image].If a product’s traditional quality, such as its functional attributes, has been developed for many years and the technology is mature, then both the new entrant and the existing manufacturer could produce the product with a traditional quality that meets customers’ basic requirements. Therefore, Assumption 1 is reasonable. In the Extension section, we extend to the scenario in which [image: image].
Cost structure
We assume that the variable cost of offering an attribute is a quadratic function, [image: image], where ci (i = e or t) is a variable-cost coefficient of an attribute. Unlike Chen (2001) and Kim et al. (2013), we introduce the fixed cost [image: image], where Ft and Fe are fixed-cost coefficients of traditional and environmental quality. The fixed cost of offering an attribute is convex in quality; thus, it is increasingly costly to offer better quality.
Consumer
The variables vt and ve denote the positive marginal valuations of traditional and environmental qualities. We assume that consumers have the same valuation of traditional quality vt but have different valuations of environmental quality ve. We assume that ve is uniformly distributed over the interval [0,1]. A consumer buys one unit of the good from one of the two firms or does not buy at all, depending on the utility, [image: image], they obtained when purchasing the product, where p is the product’s retail price. We present the main symbols’ meanings in Table 2.
TABLE 2 | Model parameters and decision variables.
[image: Table 2]Model analysis
The ordinary manufacturer sells the traditional product 1 in the market. We assume that there are two periods: in period 1, the green manufacturer enters the market and determines price of green product (product 2), [image: image]. In period 2, the ordinary manufacturer that owns one ordinary product (product 1) must determine whether to produce green product (product 3) and, if so, its price. We assume the ordinary manufacturer to be the leader and the green manufacturer the follower, and we apply the backward method to solve the Stackelberg game problem. First, we solve the green manufacturer’s profit function under the condition that the manufacturer’s decision is given. Then, we solve the optimal response function of the ordinary manufacturer after the solution to the follower’s profit function is derived.
Ordinary manufacturer does not introduce green product
In this scenario, there are two products: product 1 and product 2. A consumer purchases product 2 if and only if they will obtain more utility compared with that of product 1, that is, if it satisfies following conditions:
[image: image]
[image: image]
The first constraint condition is the self-selection constraint imposed to ensure that the customer chooses product 2, which provides them with higher utility. The second constraint is the participation constraint imposed to make sure that the utility derived from the product is non-negative.
Assumption 2. Assume that the price of the ordinary product p1 satisfies [image: image].In this paper, we consider that product 1’s price is exogenous, and if [image: image], then there is no demand for product 1; this is impossible, especially when there is only manufacturer 1 in the market, so we assume [image: image].
Assumption 3. The fixed and variable costs coefficients satisfy [image: image].To simplify the computation, we note [image: image] and [image: image]. Based on the demand analysis, manufacturer 2’s profit function is as follows:
[image: image]
[image: image]
[image: image]
With Assumption 2, we can remove constraint 1), and then the optimal solutions can be given in the following Proposition.
Proposition 1. The optimal price of product 2 is
[image: image]
From Proposition 1, we can see that the optimal price of green product increases with product 1’s price and product 2’s environmental quality, when manufacturer 1 only produces one product.Substituting product 2’s optimal price, we can obtain the maximum profit functions for manufacturers 1 and 2:
[image: image]
[image: image]
Ordinary manufacturer introduces green product
In this subsection, we explore the scenario in which manufacturer 1 introduces green product (product 3) in period 2. Manufacturer 1 may introduce green product with lower or higher environmental quality. We denote the environmental quality and price of product 3 as [image: image]. Next, we discuss manufacturer 1’s and manufacturer 2’s optimal decisions.
Assumption 4. 1) When manufacturer 1 introduces green product with low environmental quality, that is, [image: image], then [image: image];
2) when manufacturer 1 introduces green product with high environmental quality, that is, [image: image], then [image: image].
Similar to Wauthy (1996), Assumption 3 and Assumption 4 ensure that each product’s demand is larger than zero Eq. 1). The market is fully covered by the three products.When the environmental qualities of the three products satisfy [image: image], as in constraints 4) and 5), we give the three products’ demand description with the following constraints.Taking product 1 as an example, the consumer purchases product 1 when
[image: image]
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The consumer purchases product 1 if and only if [image: image]. Similarly, the consumer purchases product 3 when [image: image] and product 2 when [image: image].When the environmental qualities of the three products satisfy [image: image], consumers purchase products 1, 2, and 3 when [image: image], [image: image], and [image: image], respectively.Then, if manufacturer 1 introduces green product with low environmental quality, then manufacturer 2’s and manufacturer 1’s objective functions are as follows:
[image: image]
[image: image]
[image: image]
When manufacturer 1 introduces green product with higher environmental quality, then manufacturer 2’s and manufacturer 1’s objective functions are as follows:
[image: image]
[image: image]
[image: image]
We apply the backward method to solve the Stackelberg game problem. Hence, we first solve the optimal price of product 2, then give the optimal price of product 3.
Proposition 2. 
1) If [image: image], the optimal price of Product 2 is
[image: image]
2) if [image: image], the optimal price of Product 2 is
[image: image]
From Proposition 2, we can see that product 2’s price is related to product 2′s and product 3′s environmental qualities and product 1’s and product 3’s prices. Interestingly, when product 2’s environmental quality is the largest of the three products, product 2’s price is not related to product 1’s price and is only related to product 3’s price; only when the environmental quality of product 2 is located between that of product 1 and 3 is product 2’s price related to product 1’s and product 3’s prices. Product 2’s price increases with product 1’s and product 3’s prices.
Proposition 3. 
1) If [image: image], the optimal price of product 3 is
[image: image]
2) if [image: image], the optimal price of Product 3 is
[image: image]
From Proposition 3, we can see that product 3’s price is related to product 1’s price, the environmental quality of product 2, and its own environmental quality, and that product 3’s price increases with product 1’s price.In period 2, manufacturer 1 could determine their optimal choice by comparing their profit, [image: image]. Because of the complexity of the profit functions, we use following Figure 1 to present manufacturer 1’s optimal strategy.Assuming that product 3’s green R&D cost is fixed, we use Figure 1 to present manufacturer 1’s optimal choice between introducing or not introducing the green product. Figure 1 shows that the zone is divided into two large zones, A (A1+A2) and B (B1+B2), with [image: image]. In zone A, the incumbent manufacturer has a lower technology level in producing environmental quality than that of the entrant; in zone B, manufacturer 1 has higher green technology level compared with manufacturer 2. Zone A is divided into two zones. In zone A1, manufacturer 1 will only produce ordinary product, and in zone A2, manufacturer 1 will provide both ordinary and green product with lower environmental quality levels to obtain more profit; similarly, manufacturer 1 could produce only ordinary product in zone B1 but produces ordinary and green product with higher environmental quality levels in zone B2.As Figure 1 shows, manufacturer 1 may not introduce green product when the difference in the environmental quality between two green products is much larger. In particular, manufacturer 1 may not enter the green market if product 2’s (product 3’s) environmental quality is very low but product 3’s (product 2’s) environmental quality is much higher (e.g., [image: image] or [image: image]). We also observe that [image: image], meaning that manufacturer 1 has a greater possibility of introducing green product when they could produce green product with much higher environmental quality than manufacturer 2 does.
[image: Figure 1]FIGURE 1 | Optimal strategy for manufacturer 1.
GOVERNMENT SUBSIDY
To stimulate manufacturers to produce environmental product, governments always provide subsidy for green product. Therefore, in this subsection, we consider changes in the optimal solutions for manufacturers 1 and 2 with subsidy and provide some suggestions for government subsidy.
We assume that a consumer who purchases green product could obtain total subsidy S and that the subsidy is related to the environmental quality of the green product. Similar to Zhou and Huang (2016), we assume that [image: image], where [image: image] if [image: image] and [image: image] if [image: image]; s is the subsidy coefficient; and [image: image] is the environmental quality’s lowest bound if the product could obtain subsidy. From the expression of the government subsidy, we can find that once the environmental quality of the product is larger than the lowest bound, then the more the green, the more the subsidy. Next, as in the Model description and analysis section with the subsidy, we first discuss the scenario in which the ordinary manufacturer only produces traditional product and then present the case in which the ordinary manufacturer also provides green product.
With subsidy-ordinary manufacturer does not introduce green product
Similar to the Model description subsection, consumers purchase ordinary product when
[image: image]
[image: image]
Consumers purchase green product when
[image: image]
[image: image]
Hence, the demand function of product 1 is [image: image], and the demand function of product 2 is [image: image].
Therefore, manufacturer 2’s objective function is
[image: image]
Proposition 4. When there is government subsidy, the optimal price of product 2 is as follows:
[image: image]
Proposition 4 shows that product 2’s price will increase with the subsidy coefficient s and decrease with its lowest bound [image: image] when product 2’s environmental quality is larger than the subsidy’s lowest bound; but if product 2’s environmental quality is smaller than the lowest bound, then the price will remain constant with s and [image: image].
With subsidy-ordinary manufacturer introduces green product
In this subsection, we discuss the case in which manufacturer 1 provides green product. Manufacturer 1 may produce product 3 with lower environmental quality or higher environmental quality.
As in the Model analysis subsection, when [image: image], with government subsidy, then manufacturer 2’s and manufacturer 1’s objective functions are as follows:
[image: image]
[image: image]
[image: image]
When manufacturer 1 introduces green product with higher environmental quality, that is, [image: image], with government subsidy, then manufacturer 2’s and manufacturer 1’s objective functions are as follows:
[image: image]
[image: image]
[image: image]
Proposition 5. 
1) If [image: image], the optimal price of product 2 is
[image: image]
2) if [image: image], the optimal price of product 2 is
[image: image]
Proposition 6. 
1) If [image: image], the optimal price of product 3 is
[image: image]
2) if [image: image], the optimal price of product 3 is
[image: image]
From Proposition 6, we can determine that product 3’s price increases with the subsidy coefficient and that the larger the environmental quality of product 3, the higher its price increment with subsidy.Similar to Figure 1, in order to determine whether the ordinary manufacturer introduces green product, we present Figure 2. From Figure 2, we find that manufacturer 1 could produce a green product with lower and higher environmental quality in zones A2 and B2, respectively, and provide only ordinary product in zones A1 and B1. However, compared with Figure 1, with government subsidy, zones A2 and B2 are larger than with no subsidy, that is, the subsidy is effective in incentivizing manufacturer 1 to produce green product. In addition, the subsidy is more effective in stimulating the ordinary manufacturer to introduce green product when the ordinary manufacturer owns the green technology to produce green product with higher environmental quality (the increment of B2 is bigger than that of A2 compared with Figure 1).
[image: Figure 2]FIGURE 2 | Optimal strategy for manufacturer 1 with subsidy.
EXTENSION
In the Model description and analysis section and the Discussion section, we discuss two manufacturers’ strategies when manufacturers 1 and 2 provide green products whose traditional quality is the same as product 1’s traditional quality, that is, [image: image]. But in fact, there exists a difference in traditional quality between ordinary product and green product. For example, if the maximum mileage of an EV is 200 miles, it could satisfy consumers who only need short distance but could not satisfy consumers who need it for long trips when charge stations are not as convenient as gas stations. Thus, the traditional quality of EVs is not as good as for ordinary fuel vehicles (Eberle and Helmolt, 2010). From the consumer’s perspective, the consumer must determine which product to purchase when the green product’s traditional quality is less than that of the ordinary product. Considering the difference between the green product and the ordinary product, in this section we explore the manufacturer’s optimal decisions when the manufacturer also needs to consider traditional quality in their determinations.
Assume that the green technology levels of manufacturers 1 and 2 are given and that the green manufacturer could produce much greener product than the ordinary manufacturer, that is, [image: image]. In this section, we first present the green manufacturer’s optimal strategy in period 1 when they observe the ordinary product’s quality and price, then give product 2’s market position by comparing the relative differences in traditional and green qualities of products 1 and 2 in the marketplace. Furthermore, we present the green and ordinary manufacturers’ optimal strategies when the ordinary manufacturer introduces green product, and we give product 3’s position in the marketplace.
Taking products 1 and 2 as examples, we denote that product 2 (product 1) is a high-end (low end) product if [image: image]; [image: image]; product 2 (product 1) is a preference product if [image: image] and [image: image]; and product 2 (product 1) is a low-end (high-end) product if [image: image] and [image: image].
Competition between product 1 and product 2
In this subsection, we discuss the scenario in which manufacturer 1 only provides ordinary product.
Unlike in the Model description subsection, manufacturer 2 needs determine product 2’s traditional quality and price. As in the Model description subsection, considering consumers’ demand function, we can give manufacturer 2’s profit function:
[image: image]
Assumption5. The fixed and variable costs coefficients satisfy [image: image].Assumption 5 reflects the condition that the fixed cost coefficient [image: image] and variable cost coefficient [image: image] needs satisfy. With this condition, we could also ensure the profit function is concave.
Proposition 7. The optimal traditional quality and price of product 2 are as follows:
[image: image]
Interestingly, from Proposition 7 we see that the optimal traditional quality of product 2 decreases with that of product 1. Next, we compare the difference between product 1 and product 2.
Proposition 8. 
 1) When [image: image],
 (i) if [image: image], then [image: image];
 (ii) if [image: image] and [image: image], then [image: image];
(iii) if [image: image] and [image: image], then [image: image];
 2) when [image: image]
 (i) if [image: image], then [image: image];
 (ii) if [image: image] and [image: image], then [image: image];
(iii) if [image: image] and [image: image], then [image: image];
where [image: image].With highly variable costs of environmental attributes, Proposition 8 (1) suggests that when consumer valuation of traditional quality is much larger, then the traditional quality of product 2 should be larger than that of product 1. In other words, product 2 is a high-end product with higher traditional quality and higher environmental quality than product 1; when consumer valuation of traditional quality is not very large, and the environmental quality of green product is higher than a threshold point ([image: image]), then product 2 should also be configured with high traditional quality; in other words, product 2 should also be a high-end product. When consumer valuation of traditional quality and product 2’s environmental quality are not very large, then product 2’s traditional quality will be smaller than that of product 1; in this case, product 2 is a preference product with higher environmental quality but lower traditional quality than product 1.With low variable costs of environmental quality, Proposition 8(2) presents that when consumer valuation of traditional quality is not very large, manufacturers should pay more attention to improving environmental quality and develop product 2 as a preference product (with higher environmental quality but lower traditional quality than product 1). If consumer valuation of traditional quality is not very large, and the environmental quality is much higher, product 2 should be a specialty product with higher environmental product. However, if the environmental quality is not very high and consumers pay more attention to traditional quality, then product 2 should be a high-end product with high traditional quality. We summarize the aforementioned results in Table 3.Table 3 shows that if the entrant manufacturer has high green technology level ([image: image]) and the green technology is very mature (low variable cost), they should position the green product as a preference product and pay more attention to improving the environmental quality of the product; but if green technology is not very mature, the green product should be a high-end product and should improve both the environmental and traditional quality to compete with the ordinary product. When the entrant manufacturer has low green technology([image: image]), product 2’s position will be affected by consumers’ willingness to pay for the traditional quality: if the willingness to pay is low, then product 2 should be positioned as a preference product, and product 2 should otherwise be a high-end product. In all, if the entrant manufacturer has a high green technology level, then product 2’s position is determined by the technology’s maturity level; otherwise, product 2’s position is determined by consumers’ willingness to pay for traditional quality.
TABLE 3 | Product 2’s market positioning by configuration of traditional and environmental attributes.
[image: Table 3]Competition between products 1, 2, and 3
In this subsection, we discuss the scenario in which manufacturer 1 introduces product 3 to the market after manufacturer 2 has entered the market. Considering the reality, product 2 (produced by manufacturer 2, which specializes in producing green product) has higher environmental quality level than product 3, which is provided by ordinary manufacturer 1. Hence, in this subsection we assume that [image: image] and mainly explore product 3’s traditional quality and price.
As in the Model analysis subsection, manufacturer 2’s profit function is
[image: image]
[image: image]
Manufacturer 1’s profit function is
[image: image]
[image: image]
Proposition 9. Product 2’s optimal price is
[image: image]
From Proposition 9, we can determine that product 2’s price increases with product 3’s price and the environmental quality difference between two products and the traditional quality difference between products 2 and 3.Substituting [image: image] into manufacturer 1’s profit function, [image: image] is a function of [image: image]. Hence, we can derive the optimal solutions for manufacturer 1.Manufacturer 1’s profit function is as follows:
[image: image]
Proposition 10. The optimal traditional quality and price of product 3 are as follows: 
[image: image]
Proposition 10 shows that the optimal price increases with the traditional quality of product 3 and the environmental quality difference between products 2 and 3. Now we compare the traditional quality difference between products 2 and 3 to position product 3 in the market.
Proposition 11. 
1) If [image: image], and [image: image]or if [image: image] and [image: image],then [image: image];
2) if [image: image], and [image: image]or if [image: image] and [image: image],then [image: image];where [image: image].With high variable cost of environmental quality, Proposition 11 presents that if product 3’s environmental quality is higher than 1/2, then product 3 should be a preference product with higher traditional quality than product 2; if product 3’s environmental quality is lower than 1/2, then product 3 should be a low-end product with lower traditional and environmental qualities than product 2. With low variable cost of environmental attributes, if product 3’s environmental quality is larger than 1/2, then product 3 should be a low-end product; if product 3’s environmental quality is smaller than 1/2, then product 3 should be a preference product. We summarize the aforementioned results in Table 4.Table 4 shows that when the ordinary manufacturer decides to produce green product, there are two factors that influence product 3’s position: the ordinary manufacturer’s green technology level and the green technology’s cost coefficient (i.e., green technology maturity’s level). When the green technology level and maturity level are both high or low, then product 3 should be positioned as a low-end product with lower environmental and traditional qualities than those of product 2. Otherwise, product 3 should be a preference product.
TABLE 4 | Product 3’s market positioning in the marketplace with competition.
[image: Table 4]DISCUSSION
This paper studies whether the ordinary manufacturer must introduce green products to respond to the green manufacturer’s market invasion. We consider the scenarios of ordinary manufacturers not introducing or introducing green products, then discuss the impact of government subsidies for green products on the introduction strategy of the ordinary manufacturer. The practical implications and managerial insights are as follows.
1) As for whether manufacturer 1 introduces the green product, this paper finds that manufacturer 1 may not introduce green product when the difference in environmental quality between two green products is very large; and manufacturer 1 will be more willing to introduce green product if the ordinary manufacturer could produce green product with much higher environmental quality than the green manufacturer 2 does.
2) For the pricing problem, we find that when product 2’s environmental quality is the largest among the three products, product 2’s price is not related to product 1’s price and is only related to product 3’s price; only when the environmental quality of product 2 is located between that of products 1 and 3 is product 2’s price related to product 1’s and 3’s prices. Additionally, product 2’s price increases with products 1’s and product 3’s prices.
3) For the subsidy for the green product, we find that the subsidy is effective for incentivizing the ordinary manufacturer to introduce green product and that the stimulating effect is more obvious if the ordinary manufacturer has a higher technology level to produce green products and could provide the green product with high environmental quality.
Furthermore, under the assumption that the green manufacturer has green product production advantages, we studied products’ market positioning. We find the following two results about product 2’s and product 3’s market positioning.
1) Product 2’s market position is determined by the green manufacturer’s green technology level and the green technology maturity level: with high green technology level and technology maturity level, product 2 should be positioned as a preference product; with high green technology level and low technology maturity level, product 2 should be positioned as a high-end product; and with low green technology level and low technology maturity level, product 2’s position is determined by consumers’ willingness to pay for traditional quality. If the willingness to pay is low, then product 2 should be a preference product; otherwise, product 2 should be a high-end product.
2) Product 3’s market position is also determined by the ordinary manufacturer’s green technology level and green technology maturity level. With the high or low green technology level and maturity level, product 3 should be positioned as a low-end product; otherwise, product 3 should be a preference product.
CONCLUSION AND FUTURE RESEARCH
In this paper, we considered two manufacturers, namely, an ordinary manufacturer and a green manufacturer, competing in two periods. In period 1, there exists an ordinary manufacturer producing traditional product in the market, and a green manufacturer providing the green product enters the market; in period 2, the ordinary manufacturer determines whether to introduce green product to compete with the entrant. First, we focus on green manufacturer pricing of product 2 and whether the incumbent manufacturer introduces and, if they introduce, what type of green product they should provide. Second, we study the effect of the government subsidy on manufacturers’ decisions. Finally, we extend our model to discuss product 2’s and product 3’s optimal market positioning.
The main findings are as follows: 1) manufacturer 1 will not introduce the green product when the difference in environmental quality between the two green products is much larger; 2) the government subsidy is effective in stimulating the ordinary manufacturer to introduce green product, especially in the context of uncertainty and COVID, and the subsidy will be more efficient if the ordinary manufacturer can provide high-environmental-quality product; 3) the manufacturer’s green technology level, the green technology maturity, and consumers’ willingness to pay for traditional quality affect the product’s market positioning. We present product 2’s and product 3’s optimal market positions in period 1 and 2.
Our model could be extended in numerous ways. For example, manufacturers always need to determine when to introduce new products; hence, the introduction timing is an area for further research. In addition, if the manufacturer could produce the product with any environmental quality level, then they must determine what kind of green product they should provide; therefore, optimal environmental quality should be considered in future research.
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Regulatory policy
Incentive policy

Publicity policy

Mediator

Income expectation

Intermediary effect

0.5876
0.3666
0.7667

BootSE

0.1312
0.1263
0.1435

LLCI

0357
0121
05079

ULCI

0877
06282
1.0669

Relative effect
value (%)

5121
2128
27.14
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Variable Regulatory policy Incentive policy Publicity policy
Coefficient St. Dev Coefficient St. Dev Coefficient St. Dev

Regulatory policy 3034 1238

Incentive policy 1204 0745

Publicity policy 1.795% 0.695

Income expectation 1216 0123 1232 0.123 11834 0133

risk attitude -8.471%% 1541 ~7.070°*+ 1416 -9.135%% 1.642

Regulatory policy * risk attitude -6.584* 2265

Incentive policy * risk attitude ~4.868" 2.823

Publicity policy * risk attitude ~7.274% 2.583

Level of education -0.046 0028 -0.037 0.027 -0.062 0.035

Gender -0.192 0231 -022 0236 -0.153 0.254

Age -0.030** 0010 -0.019* 0.010 ~0.042°%* 0.011

Political identity 0.987°* 0393 1033+ 0396 0.667 0.424

Household income 0029 0019 0017 0.019 0,053 0.018

Agricultural labor force -0.045 0142 0.007 0.147 -0.006 0.149

Scale of cultivated land 0.007* 0003 -0.005 0.003 ~0.011%** 0.003

Regional dummy variable Controlled Controlled Controlled

Constant term 3983 1125 2443 1.054 4148 1182

Chi* 250928+ 2631514 328719

-2 log likelihood value 543.043 530.820 464735

Prob > chi® 0.000 0.000 0.000
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Variable Regulatory policy Incentive policy Publicity policy

Coefficient St. Dev Coefficient St. Dev Coefficient St. Dev
Regulatory policy 0440+ 0.162
Incentive policy 0.508* 0.146
Publicity policy 0745 0.425
risk attitude ~1.954% 0.562 ~1756"* 0.519 —2.54470 0.603
Regulatory policy * risk attitude 1703+ 0.758
Incentive policy * risk attitude 1.494% 0.844
Publicity policy * risk attitude 2573 0.784
Constant term 3523 0383 34747 0372 3876 0384
Control variables Controlled Controlled Controlled
Number of observations 733 733 733
Adjusted R* 0.078 0.048 0.078

p value 0.000 0.000 0.000
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Variable

Regulatory policy
Incentive policy

Publicity policy

risk attitude

Regulatory policy * risk attitude
Incentive policy * risk attitude
Publicity policy * risk attitude
Level of education

Gender

Age

Political identity

Household income

Agricultural labor force

Scale of cultivated land
Regional dummy variable
Constant term

Chi*

-2 log likelihood value

Prob > chi*

Regulatory policy
Coefficient

3.027*%

~9.004**
~7.264%*

-0.024
0.001
~0.026%*
0.728*
0037+
-0.022
0.007**
Controlled
6936
117.246"*
676726
0.000

St. Dev

1131

1.400
2067

0020
0.203
0.009
0346
0017
0.125
0.003

1.019

Incentive policy

Coefficient

1.819%%
~7.628"%
-5.992%*

-0.019
0.006
-0.014
0.728%
0.036**
0.053
0.006**
Controlled
5474
12249
671481
0.000

St. Dev

0912

1.267

2775

0.020
0.204
0.009
0.343
0.017
0.129
0.003

0.935

Publicity policy

Coefficient

2355
~9.844%

-8.637°%
-0.04
0.069
~0.040"*
0538
0.066"*
0.06
0012+
Controlled
71337
225775
567.668
0.000

St. Dev

1.259
1.499

2335
0.025
0.226
0.009
0.390
0.018
0.134
0.003

1.051
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Regulatory policy Regulatory policy Regulatory policy

ATT 0,163+ 0243+ 0407+
0.047) (0.055) (0.047)

ATU 0,195 0236 0367
0.041) (0.038) (0.039)

ATE 0177 0239+ 03920+
(0.037) (0.037) (0.039)

***Indicates the significance level of 1%

““Indicates the significance level of 5%.

“Indicates the significance level of 10%, and the median in brackets is the standard error.
TR ———
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Neural network

NN-1
NN-2

NN-3

NN-4

NN-5

NN-6

NN-7

NN-8

NN-9

NN-10

Average importance
Normaiized importance

Note: EOU, ease of use; PR, perceived risk: TR, trust: CUR, curiosity: SI, social influence: AEC, awareness of e-commerce benefits; FC, facil

EOU

1.000
1.000
1.000
0.805
1.000
1.000
1.000
1.000
1.000
1.000
0.980
100%

AEC

0.730
0.571

0.828
1.000
0.647
0.653
0.694
0.777
0.685
0.969
0.756
77.0%

FC

0.5649
0.372
0.762
0.412
0.405
0.388
0.448
0.460
0.454
0.626
0.488
49.7%

CUR

0.406
0.434
0.609
0.735
0.352
0.376
0.495
0.469
0.344
0.208
0.452
46.0%

R

0.273
0.211
0.255
0.348
0.279
0213
0.284
0.309
0.347
0.223
0.274

27.9%

PR

0.209
0.188
0.180
0.174
0.211

0257
0.261

0.107
0.188
0.164
0.194
19.7%

si

0.182
0.111

0.049
0.073
0.092
0.159
0.220
0.065
0.157
0.183
0.129
13.1%
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Training Testing Total sample

N SSE RMSE N SSE RMSE

719 4.819 0.082 &7 0.379 0.070 79
708 4826  0.083 88 0.651 0.086 796
697 4.295 0.079 99 0.781 0.089 796
712 5.600 0.089 84 0612 0.085 796
714 4513 0.080 82 0.370 0.067 796
714 4.8556 0.083 82 0.576 0.084 796
713 4.828 0.082 83 0.618 0.087 79
713 4.869 0.083 83 0.494 0.077 796
709 4.375 0.079 87 0.446 0.072 796
720 5.284 0.086 76 0.537 0.084 796
Mean 4.826 0.082 Mean 0.546 0.080

Std Dev 0.393 0.003 StdDev  0.128 0.008

1. R? = 1-RMSE/S?, where S? is the variance of the test data’s desired output.

2. N, number of samples; RMSE, root mean square of errors.

3. Ease of use; perceived risk; rust; curiosity; socialinfluence; awareness of e-commerce
benefits, faciltating conditions serve as the input neurons.

4. Behavioural intention served as the outout neuron.
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Statistical paths
AEC—>BI
CUR—> Bl
EOU—> Bl
FC—> Bl
PR—>BI
Si—> 8Bl
TR—> Bl
AEC * GEN
EOU * GEN
FC* GEN
PR * GEN
SI* GEN
TR * GEN
CUR * GEN

Control Variables
Age
Education
R
Adjusted R?
@

NFI
SRMR

Beta

0316
0.159"
0392
0179

=0.071**
0.024"
0088
0024
0.005*

-0.082"
-0.058"
0.045"
0013

-0.048"

-0.006"°
0007

Std. Dev

0.029
0.032
0.04
0.032
0.028
0.026
0.019
0.037
0.038
0.038
0.053
0.03
0.03
0.035

0.047
0.034
0.889
0.863
0.607
0.96
0.065

Jgnificant at p < 0.001. **Significant at p < 0.05, NS: Not Supported.

T-Value

10.756
5.014
9.682
5.538
2.555
0.908
4.655
2.501
1.961
0.845
1.999
1.494
3.449
1.387

0.334
0.427
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Regulatory policy Regulatory policy Regulatory policy
‘Unmatched Matching Unmatched Matching ‘Unmatched Matching
pseudo R2 0.084 0.009 0.197 0.007 0025 0010
LR chi2 84.18 10.40 190.30 527 2443 1230
Mean deviation 181 8.1 286 43 106 52
B 704 28 2.1 197 263 232
R 136 134 001 097 694 118
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Unmatched Matching Total
Regulatory policy Control group % 321 323
Processing group 1 409 410
Total 3 730 733
Incentive policy Control group 24 437 461
Processing group 0 272 272
Total 24 709 733
Publicity policy Control group 1 273 274
Processing group 2 457 459
Total 3 730 733
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Variable Model 1 Model 2 Model 3 Model 4 Model
Coefficient St. Coefficient St. Coefficient St. Coefficient St. Coeffi
Dev Dev Dev Dev
Regulatory policy 0957+ 0194 0689 0236 0.600"
Incentive policy 1450+ 0263 1564+ 0302 1214
Publicity policy 2266 o215 2477 023 2302°
Regulatory policy * Incentive policy 0363
Regulatory policy * Publicity policy 0012
Incentive policy * Publicity policy 0309
Regulatory policy" Incentive policy * Publicity policy 0.464"
Level of education 0012 0019 ~0.008 0019 0036 0027 ~0.008 0024 ~0.009
Gender 0064 0194 0034 0196 0077 0214 0052 0227 0057
Age 0027+ 0009 0017 0009 0044+ 0009 -0027+ 001 0027
Political 0562 0333 0.578° 0332 0357 0373 0259 0387 025
Household income 0035+ 0017 0,034 0017 0067 0017 0032* 0018 0032*
Agricultural labor force 0013 012 0046 0125 0032 0126 0086 0142 0089
Scale of cultivated land 0.006* 0003 0.005 0003 0012+ 0,003 0.006° 0003 0.006*
Regional dummy variable Controlled Controlled Controlled Controlled Control
Constant term 196 0582 [EC 0592 1985 0631 0238 0671 0316
Chit 7072 81.9020 177.507°+ 24526 23560
2 log likelihood value 723203 712,069 61593 558917 55784
Prob > chi* 0000 0.000 0000 0000 0000
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Variable Symbol Variable description Mean  St.
Dev.
Explained variable
Chemical fertilizer Y “Have you reduced your usage of chemical fertilizers in agricultural production?” No = 0; Yes = 1 07681 0.4223
reduction
Explanatory variable
Regulatory policy X, “Does your local government (village or township) supervise the usage of chemical fertilizers?” No = 0; 05593 0.4968
Yes =1
Incentive policy X “Do you receive any financial incentives for reducing your usage of chemical fertilizers?” No= 0s Yes =1 03711 0.4834
Publicity policy X, “Have you ever participated in any seminars or training programs about chemical fertilizer reduction?” 06257 0.4843
No=0; Yes=1
Moderator variable
Risk atitude E “Suppose that you were invited to play a game in which you picked a ball from a jar with 50 redand 05353 00894
50 black balls. If you picked a red ball, you won 3,000 yuan but won nothing for a black one. How much
money would you spend to play this game?” The actual risk aversion index is calculated by utility function
Mediator variable
Income expectation M “1 think that my reduction of chemical fertilizers could increase my income.” Not at all; 2 = lesser ~ 3.1514 1.0908
degree; 3 = neutral; 4 = greater degree; 5 = absolutely
Control variables
Level of education K Years of Education (unit: years) 77053 5.1930
Gender K, Male = 1, Female = 0 06153 0.4869
Age Ky Actual age (unit: years) 511514 132434
Political identity Ks “Party member or public official?” No = 0, yes = 1 01392 03461
Household income Ks Actual total household income (unit: 10,000 yuan) 100208 144171
Agricultural labor force K Actual number of agricultural labor force in households 15075 0.8583
Scale of cultivated land K; Scale of cultivated land 06069  5.0118

Regional dummy
variable

Seting regional dummy variables at provincial level
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Measures

Green purchase intentions
Collectivism

LTO

PCE

Ecological concerns

Environmental attitude

Items

3 items
5 items
6 items
4 items
5 items

4 items

Source

Lu et al. (2015)

McCarty and Shrum (2001); Sharma, (2010)

Sharma, (2010); Yoo et al. (2011)

Kabaday: et al. (2015); Lee et al. (2014); Wesley et al. (2012)
Fontes et al. (2021)

McCarty and Shrum, (2001)
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Characteristics Frequency %
Gender Male 83 224
Female 288 77.6
Age Below 17 01 027
18-22 135 36.4
23-27 128 345
28-31 37 9.97
32-35 2 674
36-41 18 485
Above 41 27 727
Education High School and Below 13 35
Bachelors 211 56.9
Masters 128 345
PhD and above 19 51
Monthly income <3000 RMB 215 57.9
3,000-3,999 52 140
4,000-4,999 17 4.6
5,000-5,999 26 70
>6,000 61 165
Marital status Single 282 76.0
Married 89 240
Total 371 100
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Variable

LnGI
inHumendow
LnAgrvalue
Lnopen
LnAgrFDI
Lninternet
LnAgrRD
Constant
Year

Region
R-squared
Observation

Eastern region

0.140"* (0.063)
0.059* (0.026)
0.206* (0.119)
-0.537*** (0.132)
-0.015 (0.066)
0.093 (0.139)
0.252" (0.149)
-1.791* (0.917)
Yes
Yes
0.865
154

Central region

0.036 (0.094)
0.016 (0.033)
0.744"** (0.186)
-0.539" (0.124)
-0.137 (0.136)
0.109 (0.118)
0.191 (0.217)
-5.837** (1.428)
Yes
Yes
0849
12

T statistics in parentheses: * p < 0.1, ** p < 0.05, *** p < 0.01.

Western region

0256 (0.095)
0.040 (0.025)
0.457 (0.287)

-0.849** (0.090)
-0.165 (0.111)

1.324"" (0.290)
0624 (0.212)
~7.283" (15593
Yes
Yes
0.756
154
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Variable Dummy

Gl-dummy 0.065" (0.037)
LnGI

LaginGI

LnHumendow  0.041*** (0.015)
LnAgrvalue 0367 (0.092)
Lnopen -0.851"* (0.052)
LnAgrFDI -0.104* (0.050)
Lninternet 0366 (0.079)
LnAgrRD 0301 (0.092)
Constant —4.774* (0.585)
Year Yes
Region Yes
R-squared 0792
Observation 450

KP wald rk F

KP rk LM

CD wald F

Hausman test

DWH test

mle

0.140"* (0.044)

0.041** (0.014)
0.326"" (0.087)
-0.842"** (0.048)
-0.116" (0.047)
0.338"* (0.075)
0.300"*" (0.086)
~4.379"* (0.467)

Yes

Yes

450

T statistics in parentheses: * p < 0.1, ** p < 0.05, ** p < 0.01.

2sls.

0.006* (0.003)
0.119"* (0.036)
0072 (0.063)
~0.149" (0.066)
0.063 (0.051)
0.464"** (0.096)
-0.353"* (0.099)
~1.563" (0.661)
Yes
Yes
0.176
420
93804
56361
282,251
10.45"*
1069
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Variance inflation factor (VIF)

Parameter

ACOse(y
AREc
AFDI
AKOFGI
AINOGST_P
AINOGST-N
Mean VIF
Ramsey Reset Test
t-statistics
0912
(0.496)

VIF

134
1.02

138
123
128
123

F-statistics
0719
(0.496)

Breusch-Godfrey Serial Correlation LM Test

F-statis

212
(0.278)

Breusch-Pagan-Godfrey Heteroscedasticity Test

F-statistics
0.816
(0327)
Jarque-Bera Normality Test

Jarque-Bera Statistics

R?(Obs)
455
(0.201)

R? (Obs.)
245

(0431)

0.081

Yvir

075
0.98
0.90
072
0.81
078

Likelihood Ratio
0.941
(0.365)

Scaled explained SS
149
(0.75)

0.63)

Note: The numeric values in parenthesis are the probability values. The.

Level of significance is at 5%.
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Short-run effects
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ACOs -1y 0072
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AFDI -0.012
AKOFGI 0218
AINOGST_P -0.196
AINOGST-N 0.092
ECM .y,

Long-run effects

Parameter Coefficient
ARE, -0.305
AFDI -0.207
AKOFGI 0311
AINOGST_P -0254
AINOGST_N 0208

t-statistics

-17.11
-14.61
-7.40
483
-3.77
328
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-5.62
-11.56
629

-5.23
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0.004
0.000
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Statistic Value z-value p-value
Gy -11.23 -3205 0.001
Ga -13.09 223 0.003
P, 1593 366 0.001
P, -11.40 -6.83 0.001

Note: the level of significance is 1%,
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Average Std. Dev Max Min

Dependent parameter

In C O, 254 0.43 413 1.62

Independent parameter

In RE¢ 1.07 0.21 871 151
In FDI 478 1.91 733 -1.36
In KOFGI 521 0.19 623 386

In INOGST 335 134 37.39 1201
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Variables Unit measurement Data source

Carbon dioxide emissions (COs) ‘The unit of measurement is metric tons per capita OECD, (2022b)
Renewable energy consumption (REc) ‘This is measured as a percentage of total energy consumption  World Bank, (2020)
Foreign direct investment (FDI) ‘This variable is taken as BOP, current UDS OECD, (2022a)

KOF Globalization index (KOFGI) It is a unitless variable KOF Swiss Economic Institute, (2020)
Innovation in green and sustainable technology (INOGST) This variable is measured as the total number of green patents. OECD, (2020)
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Relationship Direct effect Indirect effect Total effect VAF (%) Type of
mediation

COL—GPI 0328

COL—EC—GPI 0.572°484 = 0277 0.605 4578 Partial
COL—GPI 0.323

COL—PCE—GPI 0.457°.618 = 0.282 0.605 4661 Partial
LTO—-GPI 0.142

LTO—EA—TA 0.646°676 = 0.437 0.579 7547 Partial
LTO—GPI 0219

LTO—PCE—GPI 0.718°499 = 0.358 0577 6204 Partial
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H3
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Path

PCE— GPI
EC—PCE
EA—PCE
COL —EC
COL—EA
LTO—EA
LTO—EC

Path coefficient

0.656
0332
0482
0201
0283
0441
0521

T statistics

16176
5214
7326
3.905
4713
6925
9254

p values

<001
<001
<001
<001
<001
<001
<001

Decision

Supported
Supported
Supported
Supported
Supported
Supported
Supported





OPS/images/cover.jpg
& frontiers | Research Topics

Eco-innovation and
green productivity for
sustainable production
and consumption






OPS/images/fenvs-10-985200/fenvs-10-985200-t005.jpg
Construct Collectivism Environmental Ecological concerns Green purchase LTO PCE

attitude intentions
Collectivism
Environmental Attitude 0694
Ecological concerns 0652 0.842
Green Purchase Intentions 0719 0.839 0792
LTO 0844 0729 0753 0668

PCE 0737 0848 0.807 0781 0.842
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Construct Collectivism

Collectivism 0.770
Environmental attitude 0.602
Ecological concerns 0.584
Green purchase intentions 0.605
LTO 0723
PCE 0.617

Environmental
attitude

0.872
0751
0763
0.646
0.730

Ecological concerns

0.760
0.673
0.668
0.696

T

Green purchase
intentions

0.870
0.577
0.656

LTO

0782
0717

PCE

0.804
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Constructs

Collectivism

LTO

Ecological concerns
Environmental attitude
PCE

Green purchase intentions

Cronbach’s alpha

0.829
0.870
0.823
0.895
0.811
0.840

CR

0.879
0.904
0.872
0.927
0.877
0.903

AVE

0.593
0612
0578
0.761
0.647
0757
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Test/Var LHDI LEMPO LPECN LMPH LIUI LINFII LINFID LICDE

CD-test 18.22a (0.000) 3.64a (0.000) 13.18 (0.000) 18.81a (0.000) 18.58a (0.000) 11.55a (0.000) 8.74a (0.000) 2.69 (0.000)

Note: p values in parentheses, * p < 0.01,° p < 0.05 © p < 0.10, L-natural logarithm.
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Var Levels Ist Dift Levels Ist Dift
No trend  With trend  No trend ~ With trend
LHDI -221 -216 -404a -3.86a
LEMPO  -1.06 -1.30 -2.53b -282¢
LPECN  -286a -251 -4.16a -4.16a
LMPH ~ -139 -153 ~3.00a -3.16a
LIUT -336a -262 -413 -467a
LINFIL  -234b -239 -521a -547a
LINFID 2642 -238 -326a ~3.30b
LICDE  -097 -238 -491a -536a

Note: * p < 0.01,® p < 0.05, € p < 0.10.
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Variable Definition Source
PECN Primary energy Consumption, Million tonnes oil equivalent BP (2021)
HDI Human development index of World Banks UNDP (2020)
EMPO Employment to population ratio, 15 + , total (%) (modeled International Labour Organization estimate) WB (2021)
MPH Mobile cellular subscriptions (per 100 people) WB (2021)
1 Individuals using the Internet (% of population) WB (2021)
INFIT Financial Institutions Index IMF (2021)
INFID Financial Institutions Depth Index IMF (2021)
ICDE CO,/GDP using exchange rates kg CO,/USD (2015 prices) IEA (2021)
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St. Dev
Max
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Kurtosis

HDI

82,65
6.33

92.90
70.20
0.003
1.868

EMPO

62.03
8.90

79.25
4524
0.128
2303

PECN

579.76
766.56
231602
12.81
1517
3677

MpPH

86.67
6219
21264
0.06
0.283
1.890

UL

48.44
33.02
99.60
001
-0.135
1559

5322
2435
90.79
19.44
0482
1517

INFID

3821
3537
95.64
376

0702
1564

1CDE

0.69
042
219
024
1.852
6290
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Model Var./QR 0.1 QR 0.3 QR 0.5 QR 0.7 QR 0.9 QR
Coef P>z Coef P>z Coef P>z Coef P>z Coef P>z
1 LHDI 161.08a 0.000 152862 0.000 149.07a 0,000 145362 0000 141122 0,000
LHDI2 -18.452 0.000 -17.50a 0.000 -17.06a 0.000 -1663 0.000 -16.14a 0.000
LEMPO 051 0404 035 0303 028 0347 020 0544 012 0792
LPECN 0.56a 0.000 055 0.000 054a 0,000 053 0000 052 0.000
LMPH -0.06a 0.002 -0.06a 0.000 ~0.072 0,000 ~0.07a 0000 ~007a 0,000
LINFII ~047a 0.001 ~0.49 0,000 -051a 0.000 052 0000 053 0,000
2 LHDI 13804a 0,000 130052 0.000 12413 0,000 119952 0000 11282 0,000
LHDI2 15872 0.000 -1497a 0.000 -1429 0.000 -1382 0000 -1301a 0.000
LEMPO 074 0234 0.68¢ 0075 0.64b 0038 0.60¢ 0084 055 0312
LPECN 0622 0.000 0.59% 0.000 0572 0,000 0561 0000 053 0,000
LIt -0.04b 0011 -0.04a 0,000 -0.04a 0,000 ~0.04 0000 ~004b 0022
LINFII -0.562 0.000 -0.59 0.000 -06la 0.000 -0.63 0.000 -0.66a 0.000
3 LHDI 161.08 0.000 152862 0.000 149.07a 0000 145.362 0.000 141122 0.000
LHDI2 -18.452 0.000 -17.50a 0.000 -17.06a 0.000 ~1663a 0000 -16.14a 0.000
LEMPO 051 0404 035 0303 028 0347 020 0544 012 0792
LPECN 0.56a 0.000 055 0.000 0542 0,000 053 0000 052 0,000
LMod1 ~0.06a 0.002 ~0.06a 0.000 ~0.07a 0.000 ~0.07a 0.000 ~007a 0.000
LINFII ~041a 0.004 ~0.43 0,000 ~0.44a 0,000 ~0.452 0000 ~046a 0,000
4 LHDI 138.04a 0.000 130,052 0.000 12413 0000 119.95 0.000 112822 0.000
LHDI2 15872 0,000 -1497a 0,000 -14.29 0.000 ~1382 0000 ~1301a 0,000
LEMPO 074 0234 0.68¢ 0075 0.64b 0038 0.60¢ 0084 055 0312
LPECN 0622 0.000 059 0.000 0572 0,000 0561 0000 053 0,000
LMod2 ~0.04b 0011 -0.04a 0,000 -0.04a 0,000 -0.04 0000 ~004b 0022
LINFII -051a 0.001 055 0.000 0572 0.000 -0.5% 0000 -062a 0.000

Note: a (p < 0.01), b (p < 0.05), ¢ (p < 0.10), Mod1, MPH*INFII; Mod2, IUI*INFII; QR, quantile regression.
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Model Var./QR 0.1 QR 0.3 QR 0.5 QR 0.7 QR 0.9 QR
Coef P>z Coef P>z Coef P>z Coef P>z Coef P>z
5 LHDI 141272 0.000 141112 0.000 140932 0000 140.79 0.000 140.62a 0.000
LHDI2 16302 0,000 1625 0.000 -1621a 0,000 -16.17a 0000 ~16.13a 0,000
LEMPO -0.56 0386 059 0.188 ~0.62¢ 0071 ~0.64 0116 067 0264
LPECN 074a 0.000 071a 0,000 0.67a 0,000 0.64a 0000 061a 0,000
LMPH ~0.05b 0.034 ~0.06a 0.000 ~0.08a 0.000 ~0.09a 0.000 ~0.10a 0.000
LINFID ~0.17¢ 0,062 ~0.13b 0037 ~0.09 0,066 ~0.06 0303 -0.02 0807
6 LHDI 11955 0002 10768 0,000 10025 0,000 92.662 0000 81.30b 0026
LHDI2 -13.9% 0.002 12562 0,000 -1171a 0,000 -10.83a 0000 -9.52b 0020
LEMPO 044 0543 -031 0488 023 0534 -0.14 0734 -0.02 0.980
LPECN 075 0.000 073 0.000 071a 0000 0.70a 0000 0.68 0,000
LIl -0.01 0537 ~0.03¢ 0070 ~0.03 0,005 ~0.04a 0003 ~005b 0016
LINFID -0.20c 0.064 -0.18a 0.007 -0.17a 0002 ~0.16b 0015 -0.14 0.184
7 LHDI 141272 0.000 141112 0,000 14093a 0,000 14079 0000 140622 0.000
LHDI2 ~16.302 0.000 -16252 0.000 -1621a 0000 -16.17a 0.000 -16.13a 0.000
LEMPO -0.56 0386 059 0188 ~0.62¢ 0071 ~0.64 0116 067 0264
LPECN 074a 0.000 071a 0,000 0.67a 0.000 0.64a 0000 061a 0,000
LMod3 -0.05b 0034 ~0.06a 0.000 -0.08 0.000 ~0.09 0000 ~0.10a 0,000
LINFID -0.12 0234 -0.07 0320 -0.01 0788 003 0681 0.08 0402
8 LHDI 11955 0,002 10768 0.000 100252 0,000 92.661 0000 81.30b 0026
LHDI2 ~13.9% 0,002 12562 0.000 -1171a 0,000 -1083a 0000 -9.52b 0020
LEMPO 044 0543 -031 0488 023 0534 -0.14 0734 002 0.980
LPECN 075 0.000 073 0.000 071a 0000 0702 0000 0.68 0,000
LModd -0.01 0537 ~0.03¢ 0070 ~0.03 0005 -0.042 0003 ~005b 0016
LINFID -0.19¢ 0.094 ~0.16b 0025 ~0.14b 0017 -0.12¢ 0080 -0.08 0425

Note: a (p < 0.01), b (p < 0.05), ¢ (p < 0.10), Mod3, MPH*INFID; Mod4, IUI*INFID; QR, quantile regression.
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Hypothesis Direct effect Indirect effect Total effect VAF (%) Explanation Result

GHRMP->GI->SP 0277 (6817) 0078 (2.275) 03559 (5.351) 68 Partial mediation Ha, supported
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Green innovation 0.619 0619
Sustainable performance 0.792 0.792
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H1
H2
H3

Hypothesis

GHRMP -> SP
GHRMP-> GI
Gl -> SP

Beta and
(t value)

0277 (5817)
0.8136 (28.106)
0.006 (2.561)

Confidence interval

0.073 t0 0.243
0.134 0 0.198
0.068 to 0.172

0.082
0.321
0.086

P values

0.000
0.000
0.010

Conclusion

Supported
Supported
Supported
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Fornell-Larcker criterion

GHR practices
Green innovation
Sustainable performance

GHRP
0.844
0.682
0.622

Gl

0.908
0.714

EP

0.860

GHRP
Gl
SP

Heterotrait-monotrait (HTMT) ratios

GHRP
0.813
0.854
0.727

Gl

0.837
0.825

EP

0.748
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Variables

Green HR practices

Green hiring
Green training and involvement
Green performance management and commitment

Green innovation

Sustainable performance

Sustainable environmental performance

Sustainable economic performance

Sustainable social performance

Constructs

GH1
GH2
aTt
GT2
GPMC1
GPMC2
GI2
GI3
Gl4
GIs
GI6

SEP1
SEP2
SEP3
SEP1
SEP2
SEP3
SSP1
SSP2

Factor loading

0.803
0.835
0.924
0.883
0.892
0.793
0.740
0.851
0.786
0.762
0.846

0.862
0.751
0.884
0.905
0.743
0.875
0.874
0.891

AVE

0.671

0.745

0.712

0.637

0.696

0.712

0.779

CR

0.802

0.897

0.814

0.898

0.872

0.880

0.875

0.732

0.835

0.700

0.857

0.778

0.794

0.717
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Characteristics

Age of the organization

Ownership of the organization

Size of the organization

Range

Less than 10 years

10-20 years

20-30 years

Above 30 years

Total

Government owned
Private owned

Total

Less than 100 employees
100-200 employees
200-300 employees
More than 300 employees
Total

Frequency

60
95
95
85
335
115
220

78
77
91
89

Percentage (%)

17.90
28.35
28.35
25.04
100.00
34.32
65.68
100.00
23.28
22.98
27.16
26.58
100.00
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Goodness-of-fit index name

w2/df
GFI
AGFI
RMSEA
NFI

U

CFI
AIC
CAIC
ECVI

Goodness-of-fit index value

1.336
0.902
0.928
0.022
0.936
0.889
0.950
78.156
120.337
0.401

Conformity

High
Low

Moderate

High

Moderate
Ciose to match
High

Moderate

Low

Moderate
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Hypothesis

H1a
H1b
Hic
H2a
H2b
Hae
H3a
H3b
H3c

Path

Command-based Environmental Regulation — Green Product Innovation Capability
Command-based Environmental Regulation — Green Process Innovation Capabiity
Command-based Environmental Regulation — Terminal Technology Governance Capabilty
Incentive-based Environmental Regulation — Green Product Innovation Capabiity
Incentive-based Environmental Regulation — Green Process Innovation Capability
Incentive-based Environmental Regulations — Terminal Technology Governance Capability
Voluntary Environmental Regulation — Green Product Innovation Capabilty

Voluntary Environmental Regulation — Green Process Innovation Capability

Voluntary environmental regulation — Terminal Technology Governance Capabilty

Path coefficient

033
0.30
0.41
0.29
0.40
0.08
0.36
0.23
0.10

T Value

3.89
4.09
5.76
3.10
5.78
1.07
6.66
1.87
1.2

Test result

supported
supported
supported
supported
supported
not supported
supported
not supported
not supported
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Command-based Environmental Regulation — Green Product Innovation Capabilty
Command-based Environmental Regulation — Green Process Innovation Capabilty
Command-based Environmental Regulation — Terminal Techrology Governance Capabilty
Incentive-based Environmental Regulation — Green Product Innovation Capabiity
Incentive-based Environmental Regulation — Green Process Innovation Capabilty
Incentive-based Environmental Regulations — Terminal Technology Governance Capabilty
Voluntary Environmental Reguiation — Green Product Innovation Capabilty

Voluntary Environmental Reguiation — Green Process Innovation Capability

Voluntary environmental regulation — Terminal Technology Governance Capabilty

Note: Cl. confidence interval.

Coefficient

0.31
0.25
0.32
0.34
0.42
0.13
0.27
0.18
0.15

Lower

0.23
0.19
0.27
0.31
0.36
0.15
0.19
0.09
0.21

95%Cl

Upper

0.35
0.31
0.42
0.45
0.51
0.23
0.31
0.17
0.32
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Factor Standard load AVE KMO Bartlett sphericity
Command-based Environmental Regulation 0842 0.601 0832 0.000
Incentive-based Environmental Regulation 0768 0.562

Voluntary Environmental Reguiation 0831 0.591

Green Product Innovation Capabiity 0853 0614

Green Process Innovation Capabilty 0776 0.584

Terminal Technology Governance Capabiity 0793 0.605
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Factor

Command-based Environmental Regulation
Incentive-based Environmental Regulation
Voluntary Environmental Regulation

Green Product Innovation Capabiity

Green Process Innovation Capabilty
Terminal Technology Governance Capabilty

Cronbach’s a

0.786
0812
0.801
0.734
0.694
0.675

CR

0.845
0.856
0.764
0.802
0.746
0.813
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Attributes

Sample geographical
distribution

Sample industry distribution

Category

East China

Southwest China

the Northwester District
North China

Central and Southern China
region

Southeast China
Northeastemn China
Food

Textile

Clothing

Leather

Furiture

Petrochemical

Chemical

Medicine

Rubber

Plastic

Machine Tool

Equipment

Electronic Communications
Instrument

Black Metal

Other

Sample
Size

68
56
56
68
56

32
32
28
20
28
24
28
24
32
12

12
16
40
32
28
20
24

Share

re CooNO NG N®®G

3

o0~

Attributes

Distribution of sample employees
(person)

Sample fixed asset distribution
(Yuan)

Sample profit distribution (Yuan)

Category

<100
101~200
201 ~300
301 ~400
401 ~500

2500
<10M
10~20M
20~30M
30~40M
40~50 M
50~60 M
60~70M
70~80M
80~90M
90~
100M
2100 M
<tM
1.01~2M
201~3M
3.01~5M
401~5M
25M

Sample
Size

52
68
88
72
68

52
36
40
48
56
52
40
36
32
24
20

16
76
96
88
68
40
32

Portion
%

13
17
22
18
17

13
9

10
12
14
13
10
9

8
6
5

4
19
24
22
17
10
8
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Scenario Peak year

Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
Scenario 6

Calculated based on the scenario forecast

2029
2033
2026
2034
2033
2022

Peak value (100 million
tons)

185.189
190.056
183.969
190.624
188.222
181.806

Scenario adjustment

Baseline scenario

Increase the population

Lower economic growth

Raise energy intensity

Raise the share of coal consumption
Lower the share of secondary industry
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Variable Coefficient T values Significance
Constant term -20.0767** -5.3761 0.0000
nP 18737 6.5014 0.0000
InA 0.2935"* 15.3404 0.0000
InEl 0.1742* 1.4649 0.0989
INES 0.7099** 2.3366 0.0085
InUR 0.4159** 8.3733 0.0000
nSS 0.4845* 1.4760 0.0964
NV 0.2236"* 13.7723 0.0000

and * denote statistical significance at the levels of 1, 5, and 10%, respectively.
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Variable Definition

P Total population

A Gross domestic product per capita

] Energy consumption per unit of GDP
ES Share of coal consumption

RE Share of renewable energy consumption
UR Share of urban population

ss Share of secondary industry in GDP'

TS Share of tertiary industry in GDP

FT Ratio of imports and exports to GDP

INV Gross fixed capital formation

China Statistical Yearbook and China Energy Statistics Yearbook.

Mean

131949.00
17603.83
1.39
68.45
9.06
45.96
4468
4359
4329
11491545

Max

141008.00
36764.89
1.98
74.60
15.30
62.71
47.56
53.92
64.24
265420.05

121121.00
5502.47
0.94
57.70
5.90
29.04
38.59
33.67
31.62
22005.97

Std. dev

5918.02
10084.20
027
4.54
274
10.36
276
5.88
10.60
83669.19

Unit

Ten thousand people
Yuan/person

Ton coal equivalent/10,000 yuan
%

%

%

%

%

%

100 milion Yuan
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Types Coal Coke Crude Fuel Gasoline Kerosene Diesel Natural

of energy oil oil oil gas
Factor of carbon 0.7559 0.8850 0.6857 0.6185 0.5538 0.6714 0.5919 0.4483
emission

2006 IPCC quidalines for national greanhouse Gas Mventones.
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Economic level

Administrative grade

City Location

Group

Higher level
Lower level
Higher grade
Lower grade
Eastern Region
Central Region

Western Region

DID

0.4248"*
0.1831
0.4030**
0.3874
0.2244*
03505
0.5436

(23132)
(0.6189)
(1.9753)
(1.4257)
(1.6690)
(2.1819)
(0.7107)

1287
1287
374
2200
825
1221
528

*,*,and ** indicate significant at the 10%, 5%, and 1% significance levels, and values in

parentheses are t-valnes.
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1)

FDI
DID 0.3265*
(2.1203)
DT ~0.2685*
(-2.0291)
ZH
X
Controls YES
Individual fixed effects ~ YES
Year fixed effects YES

Processing Time*Group  YES
N 2574

2)
FDI

02617*
(1.8340)

00637
(0.5975)

YES
YES
YES
YES
2574

3)
FDI

02941°
(1.9498)

~0.0370
(-0.2781)
YES

YES

YES

YES
2574

4)
FDI

0.2833*
(1.8890)
~0.2975*
(-2.2521)
0.0981
(09111)
0.0200
(0.1632)
YES

YES

YES

YES
2574

*,*,and ** indicate significant at the 10%, 5%, and 1% significance levels, and values in

parentheses are t-values.
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2)

@)

1)

ROAD
DID 54571*

(1.6871)
Controls YES
Individual fixed effects YES
Year fixed effects YES
Processing Time*Group YES
N 2574

LABOR

0.0706*
(2:5481)
YES
YES
YES
YES
2574

INTERNET

24.5774*
(2.3263)
YES

YES

YES

YES

2574

*,*,and * indicate significant at the 10%, 5%, and 1% significance levels, and values in

parentheses are t-values.
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@) (2) 3)
Second batch Third batch Fourth batch
FDI FDI FDI
DID 0.8356" 06209 0.3500°
(1.7379) (2.6635) (1.8972)
Controls YES YES YES
Individual fixed effects YES YES YES
Year fixed effects YES YES YES
Processing Time*Group YES YES YES
N 2574 2574 2574

and

e Ml N 00, 596 A G e T ks 1 e i e S
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1)
PSM +
DID
DID 03615
(2.0108)
L2.FDI
Controls YES
Individual fixed effects  YES
Year fixed effects YES

Processing Time*Group ~ YES

N 2574

and

indicate significant at the 10%, 5%, and 1%

(2)

Substitute variable

03376"
(2.3838)

YES
YES
YES
YES
2574

3)

Including the
fifth batch

03424
(1521)

YES
YES
YES
YES
2574

4)

Winsorize regression

03542
(1.9682)

2574

e Rk, Wl i ianThees e bk

5) ©)
Placebo testing  Reverse causality
testing
0.0518
(0.0792)
00046
(1.4900)
YES YES
YES YES
YES YES
YES NO
2574 2574
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1) @) 4)
FDI FDI FDI FDI
DID 03065 02792 02576 03615
(2.0871)  (1.7548) (17097)  (20108)
GDP 06333 06391
(2.5053) (24327)
GOVERN 04138 03997
(1.6235) (1.6030)
FINANCE 0.0017° 0.0017°
(1.7862) (1.8383)
ASSET 00149 00153
(2:8776) (29793)
APC 0.0008" 0.0009
(1.8357) (2.0406)
QLAB 03787 04019
(1.1710) (1.2341)
INDUSTRY 0.007 0.0051
(0.4789) (03461)
K/L 00160 00164
(2.9982) (3.0509)
DGREE -0.0452" ~0.0455™
(-25407) (-2.5312)
FISCAL_RATIO07 00335 0.0024
(0.6622) (0.0414)
Individual fixed effects YES YES YES YES
Year fixed effects YES YES YES YES
Processing Time*Group ~ NO NO YES YES
N 2574 2574 2574 2574

*,*,and ** indicate significant at the 10%, 5%, and 1% significance levels, and values in

parentheses are t-values.
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Variable

hsr

W rhsr
Wi rhsr
WX
Wigtip

Nobs

(1) SDM-DID

0.040" (7.251)
0.007"* (5.479)

-0.032" (-2.014)

Yes
Yes

0.020"* (9.014)
0.061

0.040
3408

Robustness test results

(2) SAR-DID

0.044*** (7.459)
0.003" (2.169)
-0.039"** (-6.708)
Yes

0.014*** (6.426)
0.069
0.031
3408

(3) SLX-DID (4) SLX-DID
0040 (6.759) 0038 (7.007)
0,004 (3.038) 0005 (3.516)

-0.034" (-5.777) -0.081"" (-6.691)

Yes Yes

No Yes
0071 0061
0027 0038

3408 3408

(5) SDM-DID with
distance weight matrix

0.039™ (7.036)
0.004** (3.125)
-0.082""* (-5.797)
Yes
Yes
0.033* (3.791)
0.060
0.040
3408
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hsr
W hsr

vitalty

W vitality
Constant/W'lag
X

WX

City FE

Time FE

o2

R2

logL.

Nobs

(1) vitality

0.0381°** (11.508)

-0.3524* (-2.378)
Yes

Yes
Yes

0.2107

3408

(2) GTFP

0.0980" (1.986)
0.3469"* (3.835)

0.2376** (11.518)

Yes
Yes
Yes
Yes
0.0749
02113
443.0679
3408

(3) GTFP

0.0602° (1.810)
0.0433* (1.741)
0.0891"** (4.149)
03703 (4.112)
0.2280"* (10.989)
Yes
Yes
Yes
Yes
00743
02288
427.4194
3408
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hsr

W* hsr
Lngpatent
W* Lngpatent
Constant/W'lag
X

WX

City FE

Time FE

o?

R

logL

Nobs

(1) Lngpatent

09262 (4.417)

-24.1526"" (-14.231)
Yes

Yes
Yes

0.5411

3408

(2) GTFP.

00951 (8.462)
-0.0399" (-4.393)
0.2653"** (13.140)
Yes
Yes
Yes
Yes
0.0684
0.2761
295.2671
3408

(3) GTFP

0.0263" (1.875)
0.0495* (2.053)
0.0934*** (7.983)
-0.0429"* (4.684)
0.2589" (12.749)
Yes
Yes
Yes
Yes
00683
02762
2886677
3408
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Variables

hsr
X
Wehsr
WX
Wiiag
City FE
Time FE
2

R

logL
Nobs

Regression results of the first stage

Slop

(1) SLX-DID

00366 (3.969)
Yes
00190 (1.238)
Yes

Yes
Yes
0.018
0.040
2050.854
3408

(2) SDM-DID with
distance weight matrix

0.0871"** (4.252)
Yes
0.1126 (1.584)
Yes
05879 (7.602)
Yes
Yes
0017
0,003
2129.240
3048

@V

00043 (2.011)
Yes
-0.2690 (1.274)
Yes
02100 (9.620)
Yes
Yes
0.017
0.057
2085.113
3408

-0.0917* (-2.461)
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CO, emissions (response variable)

Renewable energy consumption

Mathematical Italy > Canada > Germany > France > United Kingdom > United States > Japan
Statistical Italy > Canada > Germany > France > United Kingdom > United States > Japan

Eco-innovation

Mathematical Japan > United Kingdom > France > Germany > United States > Italy > Canada

Statistical Japan > United Kingdom > France > Germany > United States > Italy > Canada

Trade openness

Mathematical Germany > Canada > France > United Kingdom > Italy > Japan > United States
Statistical Germany > Canada > United Kingdom > France > Italy > Japan > United States

Foreign direct investment

Mathematical Canada > France > Italy > Germany > United States > Japan > United Kingdom
Statistical France > Canada > Italy > Germany > United States > Japan > United Kingdom
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Variables

hsr
X

Wehsr

WX
Wlag/W-error
Constant

City FE

Time FE

o?

Re

logL.

Wald SAR
Wald SEM
LR SAR

LR SEM
Nobs

(1) Panel-DID

0.040"** (4.532)
Yes

1.396" (3.861)
Yes
Yes

0.202

3408

SDID
(2) SAR-DID (3) SEM-DID (4) SDM-DID
0.036™" (4.337) 0.037* (4.187) 0035 (3.824)
Yes Yes Yes

0011 (0.703)
YES
0.220"" (10.145) 0281 (10.471) 0.206" (9.409)

Yes Yes Yes
Yes Yes Yes

00173 00173 00169
0093 0097 0091

2054.731 2056.774 2093.578

7851

7339

7769

7361
3408 3408 3408
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G-7 economies Deng-GRA Absolute-GRA SS-GRA p-value
(95%CI)
Germany 08113 08311 08212 1091 (7.07-13.44) 0.000
France 09326 09406 0.9366 23.68 (18.05-29.11) 0.000
Canada 0.9580 09376 09478 22.90 (18.27-28.56) 0.000
Japan 0.7808 0.8008 0.7908 329 (137-621) 0.001
ltaly 08642 08664 0.8653 13.01 (7.34-15.04) 0.002
United Kingdom 05822 06202 0.6212 116 (0.54-3.09) 0.001
United States 0.8019 07999 0.8009 657 (3.66-9.32) 0.000

Grey rank
OR rank

Note: GRA, grey rel:

Canada > France > Italy > Germany > United States > Japan > United Kingdom

France > Canada > Italy > Germany > United States > Japan > United Kingdom

O, i ot 07, i of s S5, second ariiitics CT. onkdnis iotetnl §:2 DL i contdicil a5 sGitisdonlly s
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Variables

hsr
X

Constant

2

R

logL.

LM spatial lag

LM spatial error
Robust LM spatial lag
Robust LM spatial error

(1) oLs

0,007 (7.873)

Yes
0586 (1.517)
0084
0.168
~620.190
150734
192971
5733
42811

(2) Spatial fixed effects

0095 (12.621)
Yes

0.020
0.138
1872.118
294.047***
238.892"
656.700*
10544

(3) Time-period fixed effects

0.068" (4.876)
Yes

0.084
0.138
-607.118
166.291**
185.438™
4.546"
33.694"*

(@) Spatial and
time-period fixed effects

0.040 (4.743)
Yes

0.018
0.013
2005.118
119.918™
119.424
5.650"
7.100**

Notes: (1) p < 0.1, *p < 0.0, and ***p < 0.01; (2) The content in  is the t-statistics. (3) To ensure brevity, we did not report the coefiicients of the control variables in the table. If Xis yes in
the table, it means we add all the control variables.
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Variable

gt

s

fdi

ed
inroad
indensity
stec

Definition

Green total factor productivity
When the ity / is connected with HSR in year t, the value of hisry is 1, and O otherwise
The proportion of FDI in GDP

The proportion of college students in the total population

Logarithm of urban road area per capita

Logarithm of population density

The proportion of R & D investment in fiscal expenditure

Max

3.722

0775
0.131
4.685
7.882
0.071

Min

0.023

0.001
0.001
-3.912
1.548
0.004

Mean

1112
0.281
0.022
0.017
2267
5.731
0.043

Std.Dev

0.318
0.449
0.028
0.022
0.617
0.922
0.884
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Year

Moran's |
Zvalue
p-value

Year

Moran's |
Zvalue
p-value

0.143
3.622
0.000

2012

0.139
3.522
0.000

2007

0.486
3773
0.000

2013

0.137
3.494
0.000

0.165
4.194
0.000

2014

0.147
3722
0.000

2009

0.167
4.233
0.000

2015

0.150
3815
0.000

2010

0.151
3.839
0.000

2016

0.195
4.925
0.000

2011

0.159
4.030
0.000

2017

0.160
4.051
0.000
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Direct effect

Indirect effect

Total effect

SDM-DID
SAR-DID
SDM-DID
SAR-DID
SDM-DID
SAR-DID

hsr

0,036 (3.912)
0.087* (4.259)
0.021 (1.186)
0,010 (3.683)
0.057*** (3.060)
0.046™ (4.216)

fdi

-0.053"* (-4.742)
-0.400"** (~3.660)
0.342 (1.473)
-0.107*** (-3.336)
-0.191 (-0.803)
~0.506""" (-3.648)

edu

1,716 (3.426)
1.235" (2.457)
-2.904"* (-2.829)
0332+ (2277)
-1.188 (-1.023)
1.567* (2.437)

Inroad

-0.011 (-1.180)
~0.014 (-1.501)
-0.059"* (-2.734)
~0.004 (~1.469)
-0070"* (-2928)
0,017 (1.500)

In density

0.153" (2.515)
0,006 (-0.105)
-0.857"* (~7.259)
-0.001 (-0.089)
~0.704"* (-5.857)
-0.007 (-0.102)

stec

0,002 (0.007)
-0.130 (-0.434)

1500 (v2.364)
-0.034 (-0.428)

-1.498" (-2.190)
-0.165 (-0.433)
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G-7 economies Deng-GRA Absolute-GRA SS-GRA p-value
(95%CI)
Germany 08107 07877 0.7992 5.55 (1.11-7.23) 0.001
France 08002 0.8000 0.8001 1172 (7.65-14.44) 0.000
Canada 0.6549 0.6603 0.6576 0.96 (0.05-2.07) 0.003
Japan 09708 0.9802 09755 21.32 (16.73-2891) 0.000
ltaly 07256 07090 07173 334 (0.78-6.05) 0.001
United Kingdom 08576 08504 0.8540 16.09 (10.25-19.37) 0.000
United States 07627 07771 0.7699 486 (2.06-7.49) 0.002

GRA rank
OR rank

Note: GRA, grey rel:

Japan > United Kingdom > France > Germany > United States > Italy > Canada

Japan > United Kingdom > France > Germany > United States > Italy > Canada

O, i ot 07, i of s S5, second ariiitics CT. onkdnis iotetnl §:2 DL i contdicil a5 sGitisdonlly s
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G-7 economies Deng-GRA Absolute-GRA SS-GRA p-value
(95%CI)
Germany 09557 09645 0.9601 843 (6.41-10.01) 0.000
France 08796 08708 08752 5.66 (221-8.03) 0.000
Canada 0.8852 09154 09003 7.07 (455-9.32) 0.000
Japan 0.7575 07707 07641 2,09 (0.21-4.70) 0.001
ltaly 08189 0.8069 08129 3.33 (1.07-531) 0.001
United Kingdom 08557 08655 0.8606 575 (199-7.07) 0.000
United States 0.7367 07289 07328 023 (0.06-253) 0.002

GRA rank
OR rank

Note: GRA, grey rel:

Germany > Canada > France > United Kingdom > Italy > Japan > United States

Germany > Canada > United Kingdom > France > Italy > Japan > United States

O, i ot 07, i of s S5, second ariiitics CT. onkdnis iotetnl §:2 DL i contdicil a5 sGitisdonlly s
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Variable Unit Source

Dependent variable

Carbon emissions Metric tons per capita WDI, (2019a)
Independent variable

Renewable energy consumption Renewable energy per capita consumption (KWH) WDI, (2019¢)
Eco-innovation 9% Of total technologies OECD, (2019)
Trade openness % Of GDP WDI, (2019d)
Foreign direct investment BoP, Current USS) WDI, (2019b)

WD, Wodld developiuent indicitoni; OBCD, the Orgiriis:

jon for Economic Cooperat

L e ——
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G-7 economies Deng-GRA Absolute-GRA SS-GRA p-value
(95%CI)
Germany 07977 07779 0.7878 10.90 (9.06-13.54) 0.000
France 07521 07447 0.7484 639 (3.25-9.11) 0.003
Canada 0.8064 07998 0.8031 12.07 (9.33-14.58) 0.000
Japan 0.6672 06734 0.6703 1.98 (0.24-2.54) 0.002
ltaly 08457 08547 0.8502 17.05 (11.67-27.48) 0.000
United Kingdom 07446 07300 07373 521 (3.64-821) 0.002
United States 07026 0.6988 0.7007 431 (2.97-6.04) 0.001

Grey rank
OR rank

Note: GRA, grey rel:

Italy > Canada > Germany > France > United Kingdom > United States > Japan

Italy > Canada > Germany > France > United Kingdom > United States > Japan

O, i ot 07, i of s S5, second ariiitics CT. onkdnis iotetnl §:2 DL i contdicil a5 sGitisdonlly s
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Variable

LnGI
Lnhumendow
LnAgrvalue
Lnopen
LnAgrFDI
Lninternet
InAgrRD

Var-Des

Gl cumulative certification number
Human resource endowment
Added value of agriculture
Degree of opening

The value of agricultural FDI
Internet penetration

Agricultural R&D

Obs

465
465
465
465
465
465
465

Mean

268
0.35
6.77
0.94
6.08
3.46
0.12

Sd

122
1.36
147
0.98
1.59
o7
0.69

Min

-4.61
3.24
-1.70
1.39
1.07
-1.97

Max

5.34
4.02
8.60
3.20
9.88
4.36
1.79
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Variable

LnGI

LnHumendow
LnAgrvalue
Lnopen
LnAgrFDI
Lninternet
INAGIRD
Constant
Year
Region
R-squared
Observation

V)

0415
(©.019)

0.486"** (0.054)
No
No
0.520
465

T statistics in parentheses: * p < 0.1, ** p < 0.05, ™ p < 0.01.

@

0.134™ (0.04)

0,032 (0.016)
0.383"** (0.086)
-0.752"** (0.050)
-0.049 (0.039)
0.151 (0.067)
0.229" (0.092)
-4.379"* (0.467)
No
No
0.741
450

®

0.285"* (0.055)

0.674"** (0.073)
Yes
Yes
0578
465

@

0.140"* (0.046)

0,041 (0015)
0326 (0.092)
-0.842" (0.051)
-0.116" (0.049)
0.338"* (0.080)
0300 (0.091)
~4.418" (0.598)
Yes
Yes
0795
450
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Variable

LnGI
LnHumendow
LnAgrvalue
Lnopen

LnAgrFDI

Lninternet

LnAgrRD
Constant

Year
Region
Observation

25%

0.117* (0.058)
0.042" (0.018)
0.406*** (0.115)

-0.785"*
(0.064)
0,182
(0.062)

0309 (0.099)
0309 (0.113)

-2.742* (0.648)

Yes
Yes
450

T statistics in parentheses: * p < 0.1, ** p < 0.05, ™ p < 0.01.

45%

0.191** (0.066)
0.039" (0.021)
0.266" (0.132)

-0.826"* (0.073)

-0.154" (0.071)

0.367* (0.113)
0.288" (0.129)
~1.922 (0.740)
Yes
Yes
450

65%

0.133" (0.058)
0.040" (0.018)
0.351"* (0.12)

-0.810"* (0.064)

-0.082 (0.062)

0.278™ (0.099)
0.240 (0.113)
-2.356™ (0.647)
Yes
Yes
450

85%

0.121*** (0.040)
0.021* (0012)
0397 (0.079)
-0.660"* (0.044)

-0.090™ (0.042)

0.297"*" (0.068)
0.127 (0.077)
-1.994"* (0.442)
Yes
Yes
450
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Hypothesis

Path

Path coefficient

t-value (>1.96)

Inner VIF  p-value (<0.05) Decision

(B (>0.10) (<5)
H1 People - > Perceived Usefulness 0.276 6.453 195 0.000 Supported
H2 People - > Expectations 0.145 3.151 1913 0.002 Supported
H3 Processes - > Perceived Usefulness 0.090 2330 1.573 0.020 Supported
H4 Processes - > Expectations 0.073 1.568 1.564 0.117 Not Supported
H5 Technology - > Perceived Usefulness 0.305 6.458 2301 0.000 Supported
H6 Technology - > Expectations 0.383. 7451 2,041 0.000 Supported
H7 Environment - > Perceived Usefulness 0.210 4.799 2057 0.000 Supported
H8 Environment - > Expectations 0.168 3321 2.007 0.001 Supported
H9 Perceived Usefulness - > Continuance Intention ~ 0.380 10.456 1322 0.000 Supported
H10 Perceived Usefulness - > Satisfaction 0.177 4.825 1373 0.000 Supported
H11 Expectations - > Perceived Usefulness 0.038 0.980 1.765 0.327 Not Supported
H12 Expectations - > Satisfaction 0.608 18.168 1373 0.000 Supported
H13 Satisfaction - > Continuance Intention 0.442 12075 1322 0.000 Supported
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Construct Question items Mean Loading YiF Adapted from
(>0.70) (<5.00)
People PP1 You believe people should have the proper skills, experience, 4062 0.834 0859 1852 Sunmola and Javahernia, (2021)
and attitudes for their jobs
PP2 You believe that communication skills are necessary for 4121 0854 0866 1963
people to collaborate more effectively
PP3  You feel that relationships motivate people to believe and 4072 0816 0.840 1679
work more effectively together
Processes PCI  You believe that people should comprehend the process of ~ 3841 0822 0853 1670 Soja and Soja, (2017)
achieving achievement and how it must be accomplished
PC2  Youbelieve that organizations must evaluate which metricsto 4094 0716 0.850 1733
track and how to measure them
PC3  Youfeelitis essential to have a regular program for reviewing 4155 0626 0815 1607
progress, creating action plans, and overcoming obstacles
Technology TEL  You believe that technology will affect their daily lives and 4019 0723 0.867 1834 Awa and Ojiabo (2016)
how it will make their lives easier
TE2  You feel that everyone must comprehend how to maximize 3939 0766 079 1575
the benefits of technology
TE3  You believe that the finest technology shall straightforward 4064 0794 0839 1583
and simple to use
Environment EN1  You think the workplace environment affects productivity ~ 4041 0817 0.857 1788 Ma et al. (2020)
EN2  You believe that improved environmental management will 4016 0.808  0.851 1803
result in increased production
EN3  You feel that environmental management hasan influenceon 4037 0764 0.834 1634
labor productivity, total revenue, and innovation
Perceived PUI  You believe that current technology aids you in your work ~ 4104 0.809  0.881 2163 (Jeong et al,, 2017; Bolen, 2020;
Usefulness and makes it simpler for you to locate the information you are Choi, 2018)
looking for
PU2  You feel that modern technology aids you in doing tasks more 4131 0827 0.878 2112
quickly
PU3  You feel that current technology is good and can improve 3994 0795 0814 1566
your job performance
Expectations ET1  You're always ready to provide a helping hand at community 3925 0747 0.859 1874 (Zhao et al,, 2011; Clark et al.,
activities, no matter what the task may be 2017; Ling-Yee Li et al., 2017)
ET2  You take great pleasure in being a part of your community ~ 3987 0760  0.864 1882
ET3  Youare a firm believer in the need to build and maintain 3855 0797  0.843 1706
strong working connections with non-profit organizations in
your area
Satisfaction SAL  You are pleased with the electronic services you have gotten 4056 0755 0.850 1.606 (Bhattacherjee, 2001, Hsiao et al,
from a variety of government departments 2016)
SA2  you're happy with your ability to use the features of the 3952 0767 0860 1730
E-service
SA3  Your decision to use e-services was the right one, accordingto 3829 0829 0.783 1533
your opinion
Continuance CIl Your preference for using e-services over going to a 4027 0754 0851 1752 (Bhattacherjee, 2001, Bélen,
Intention government office is something you aim to keep up 2020)
CI2 You intend to use e-services in the future, rather than 4041 0800 0850 1738
abandoning them
CI3 Youintend to make use of modern technology services inthe 3876 0745 0812 1523

future
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Fornell-larcker criterion

Constructs a EN ET 123 PU pC SA TE
Continuance Intention 0838

Environment 0534 0.847

Expectations 0.584 0.535 0855

People 0519 0.598 0522 0.855

Perceived Usefulness 0598 0.636 0521 0.658 0858

Processes 0465 0.543 0432 0.492 0512 0839

Satisfaction 063 0.506 07 0.462 0493 0455 0831

Technology 0572 0.628 0617 0.628 0.68 0512 0571 0835
Heterotrait-Monotrait ratio (HTMT)

Constructs a EN ET PP PU PC SA TE
Continuance Intention

Environment 0671

Expectations 0728 0.659

People 0.646 0738 0638

Perceived Usefulness 0744 0.783 0.638 0.803

Processes 0587 0.677 0533 0.609 0637

Satisfaction 0792 0.63 0873 0.568 0.607 0574

Technology 0724 0.787 077 0.781 0841 0.657 0725
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Characteristics Values Frequency Percent (%)
Gender Male 269 29
Female 358 57.1
Age (years) 18-30 101 16.1
30-40 182 290
41-50 187 298
>50 157 250
Education < bachelor 446 71.1
bachelor 148 236
> bachelor 33 53
Community water usage (years) <5 38 6.1
5-10 128 204
11-15 79 126
>15 382 609
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Constructs Item code Cronbach’s alpha rho_A (>0.70) Composite reliability AVE (>0.50)
(>0.70) (>0.70)
People g 0.816 0.816 0.891 0.731
Processes PC 0.791 0.795 0.877 0.705
Te(hnnlogy TE 0.783 0.791 0.873 0.697
Environment EN 0.804 0.804 0.884 0.718
Perceived Usefulness PU 0.820 0.822 0.893 0.737
Expectations ET 0.817 0.817 0.891 0.732
Satisfaction SA 0.778 0.793 0.870 0.691
Continuance Intention CI 0.787 0.788 0.876 0.702
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Configuration of highly GI

Conhiguration of non-highly GI

Condition variable HI1 H2 H3 H4 H5 H1 H2 H3 H4 H5
Int. ® =g ® ° o o .

Share-balance ° ° ° ° ® . ® ® ° °
Executive_pay ® ® ® [ ] . ® ® ® ®
Executive_share ® . . ° ° ° . ° °
Reg . ° ° ® ® o ° ® °
Fees . . ° ® ® ® ° ° . .
Sub [ o ® [] ° ® ® ®
Tax ° ° ° ® ® ® ® ® . o
Consistency 0.885 0.851 0.851 0.835 0.902 0.860 0.861 0.856 0.904 0.904
Original coverage 0.054 0.047 0.047 0.076 0.079 0.027 0.038 0.047 0.066 0.066
Unique coverage 0.024 0.013 0.013 0.016 0.016 0.002 0.014 0.021 0.011 0.007
Consistency of Solutions 0815 0.891

Coverage of Solutions 0.281 0.129

Note: @ indicates the existence of this core condition; @ indicates the lack of this core condition; ® indicates the existence of this marginal condition; ® indicates the lack of this marginal

P
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Highly GI Non-highly GI

Conditional variables Consistency Coverage Consistency Coverage
Int. 0.4970 04219 05174 06695
~Int. 0.6107 04537 05532 06263
Share_balance 05113 04097 05553 06782
~Share_balance 0.5985 04690 05167 06171
Executive_pay 0.6115 04934 04816 04816
~Executive_pay 0.4947 03850 05881 06976
Executive_share 0.5307 04365 0.569 0.546
~Executive_share 0.5867 0.4884 05505 06413
Reg. 0.5592 04356 05404 06416
~Reg. 0.5400 04353 05247 06446
Fees 0.4993 04046 05425 06700
~Fees 0.5928 04595 05179 06119
Sub. 0.5743 04535 05206 06265
~Sub. 05270 04190 05459 06615
Tax 0.5560 04501 05189 06402
~Tax 0.5555 04310 05543 06555
Kl "o b the EaeTieh dats. oF corudiisatial wasinbln.
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Configuration of highly GI

Condition variable H1

Int. ®
Share-balance .
Executivejay

Executive_share

Reg .
Fees .
Sub °
Tax .
Consistency 0.856
Original coverage 0091
Unique coverage 0022

Consistency of Solutions

Coverage of Solutions

H2

®e°°*eQR3Qe

H3

e e e

0.853
0.062
0.031
0.824
0.258

L

0.835
0076
0017

H5

R e ® ® e g e

0.868
0.104
0.025

0.901
0079
0016

Configuration of non-highly GI

H1

[ Y

0.863
0.056
0.002

H2

® 00 *

0.873
0078
0033
0.883
0175

H3

o e °* *o B ¢

®

0.868
0.060
0.015

H4

®e ® 0% 0@

0.842
0032
0018

Re 00 ® @ ©

0.846
0.034
0.016

Note: @ indicates the existence of th

core condition; @ indicates the lack of this core condition; ® indicates the existence of this marginal condition; @ indicates the lack of this marginal
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Variables

GI

Supervision
mechanism

Incentive
mechanism

Regulatory
system

Subsidy
policy

RD.

Int.

Share-balance

Exccutive_pay

Executive_share

Reg.

Fees

Sub.

Tax

Measurements

Number of green
patent applications

Independent directors’
proportions

Summed
shareholdings of the
2nd-5th major
sharcholders/
sharcholdings of
controlling
sharcholders

Executive average
payment (10000 yuan)

Executive
sharcholding

Environment-related
words in the
government work
reports

Fees for pollutant
discharge /GDP

Subsidies/total assets
of the enterprise in the
current year

Tax return in total /
total assets of the
enterprise in the
current year

Anchor points of calibrations

Descriptive statistics

Full
membership

04

1.0295

4375
02130

7211

28665

0.0076

0.0074

Cross
over

0.3571

0.5837

2551

0.0046

6386

20566

0.0045

0.0018

Full Non-
membership

03333

02275

1529
0.0001

5557

1.3806

0.0021

0.0001

Mean

3.698

0.3763

0.7339

33778

0.1260

6363.09

22325

0.008

0.0087

Standard
deviation

63171

0.0603

0.6436

27.002

0.1850

1108.1

1.3245

00143

0.1880

Minimum

0250

0.0219

35060

3935

0.1588

0.0001

35062

Maximum

58

0.60

29613

153.9

0.6992

9111

89727

0. 1343

152.96
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Characteristics Frequency Valid percent

Gender Male 220 63.4
Female 127 366
Total 347 100.0
Experience 1-3 years o7 280
4-6 years 149 429
7-10 years 51 147
Above 10 years 50 144
Total 347 1000
Education Undergraduate 62 17.9
Graduate 147 424
Master's 7 222
Other (Diploma/Professional education) 61 176

Total 347 100.0
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Constructs

BDAC
CP
ECD
EP
IEM
MP
NP
oP
SCP

Cronbach’s alpha

0.851
0.916
0.894
0.898
0.824
0.859
0.804
0.949
0.877

rho A

0.858
0.919
0.896
0.901
0.825
0.869
0.811
0.951
0.883

CR

0.899
0.937
0.927
0.924
0.895
0.905
0.884
0.957
0.924

AVE

0.691
0.749
0.760
0.710
0.740
0.706
0.718
0.738
0.803
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Constructs

BDAC
CP
ECD
=4
IEM
MP
NP
oP
SCP

BDAC

0.831
0.188
0403
0.365
0.256
0.161
0.209
0311
0.299

CcP

0.865
0.217
0.258
0.349
0.339
0.273
0.260
0.292

ECD

0.872
0.366
0.472
0.281
0.306
0.338
0.389

EP

0842
0.326
0.291
0.274
0.569
0410

IEM

0.860
0.263
0.292
0.276
0.399

MP

0.840
0.293
0.279
0.272

NP

0.848
0.162
0277

oP

0.859
0.347

iagonal and bold values are the square root of the average variance axtracted from each construct. Pearson comalations are shown below the diagonale. b < 0.0¢

scpP
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Variables Stat  Total samples Size ~ SE
(N = 1,140)

Location/district  Dera Ismail Khan ~ Freq 349

Bhakkar Freq 294

Tank Freq 236

Lakki Marwat Freq 261
HHH Gender Male Freq 1,033

Female Freq 107
Solar PV system user Freq 611
Solar PV system non-user Freq 529
Solar PV system  Type | Freq 131

Type I Freq 306

Type Il Freq 174
HH Age Mean 48.35 392
HH Education Mean 793 221
HH family size Mean 6.44 178
HH children/sibiings in schools Mean 272 098
HH space availabilty (square meter)  Mean 449.49 036
HH net annual income (in PKR) Mean 696,500 218
HH having credit faciiity Freq 397
HH having grid electricity connection  Freq 731
Road-access Freq 321
Distance to market (round-trip), min ~ Mean 65.20 12.30

Source: Authors’ own survey data between September 2020 and August 2021.
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Explanatory Variables

* Gender female
Household’s Age
Household size
Household’s Education
Children in school
Household's net annual Income
Price of solar PV system
Space available
Distance to market
“Electricity access
"Credit access

*Road access

“Location Tank
“Location Bhakkar
®Location Lakki Marwat
Constant’

Adoption of Solar PV System

Coef

0.494
0.0649
0713
0.1294
0.3511
1.2192
-0.4185
0.8358
-0.413
-0.634
06126
0.1566
-0.209
0.415
0.2986
214

SE p-value

02168  0.0115%%
0.0311  0.0186w#*
0.199  0.0002+
0.0753 0.043+
0.1612  0.0102#+
0.145  0.0000%#+
0.1871  0.0127:%
0.4345  0.0273+#
0.2711 0.064
0.471 0.0893
0.1626  0.0004:#+
01279  0.1105

0.1362 0.0626
0.587 0.2399
0.1871 0.0554

1.32 0.0398+

‘Odds Ratio

1.003
1.049
1.27
1.42
1.073
5.001
0214
1.021
0.986
0.325
247
164

Total number of observations = 1,140.Log-lkelhood = -78.329, Pseudo R’ = 0.4528,
Prob > Chi2 = 0.0000Significance level

wwx1%, #+5%, and ¥10%.
"Dummy variable.

“Location dummies: Dera Ismail Khan i the reference category.Note: coefficient (Coef ),

robust standard error (SE).
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Name variable

Age
Sex

Household-size
Education

Children in school
Income

Space availabilty
Distance to market

Electricity access

Credit access
Road access
Price of solar PV
system

Location

Variable
types

Continuous
Binary

Continuous
Continuous
Continuous
Continuous
Continuous
Continuous

Binary
Binary
Binary
Binary

Binary

Expected
relationship

+

H

Bkt E o+ R

Description
of the variable

Household head (hh) age by (years)
Household head gender represents as dummy variable (female = 1,
male = 0)

Household's family size (number of individuals in one famiy)
Household head education level counted by years Socio-economic
Numbers of school-going chidren

Household's head Annual income in Pakistani rupee (PKR)
Household occupied Plot size of residence in (10 square meter)
Distance to nearest location of market in km (10 min/1 km walking
distance)

Availability of alternative energy source i.e. electricity (ves = 1;
otherwise = 0)

Access to availabilty of credit senvice (yes = 1; otherwise = 0)
Permanent road access (yes = 1; Otherwise = 0)

Average price of solar PV system 150 per watts in PKR.

Threshold 15 W

Households living in different Districts (yes = 1; Otherwise = 0)

Category
of the variable

Demographic
Demographic

Demographic
Demographic
Demographic
Socio-economic
Environmental
Infrastructure

Infrastructure
Insfitutional
Infrastructure

Socio-gconomic

Socio-economic, Infra-
structural
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Solar Descriptions
PV system types

Solar shed liahting (tvoe I Solar module 15W-30W solar PV panel
Battery built in 6.4V 3000mAh 3-5 h
Grid Tied Incompatible
Light Source 1-5 pes 1-3 W LED Lamp
DG Output DCB.AVIA = 6.4W
Electricity access 1-2 persons, 1 small room
Life 1-5 years

Solar module 50W-150W solar PV panel

External Battery support 5v-12v Optimum Operating Voltage
Grid Tied Incompatible

Lighting 5-10 pes x 10W LED bulb light
Electric appliance Fan/heating/small electric appliances
Electricity access 1-5 person, 1-2 Rooms standard size
Life 1-10 years

Solar panel module 1KW-3KW solar PV panel

Grid Tied Compatible

External Battery support Dry-cell and wet-cell based

Hybrid Inverter Compatible

Electricity access 1-10 person, 1-5 Rooms (1house)
Electric appliances compatible Ceiiing fans, energy Savers bulb, Air-conditioner Inverter, Computer, TV, Computer,
(AC/DO) Refrigerator

Life 1-15 years

Note: The solar PV, technology = each type is a single unit, type’s titles are referring to the survey and sample data. W = watts, KW , kio-watts V = voltage, A = Amps, AC, alternating
current: DC , direct current, Pcs = pieces.
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Items

BDAC 1
BDAC 2
BDAC 3
BDAC 4
CP1
cP2
CP3
CP4
CP5
ECD1
ECD2
ECD3
ECD4
EP1
EP2
EP3
EP4
EP5
IEM1
EM2
IEM3
MP1
MP2
MP3
MP4
NP1
NP2
NP3
OP1
oP2
OP3
OP4
OP5
OP6
oP7
oP8
SCP1
SCP2
SCP3

BDAC

0.838
0.807
0.886
0791
0.178
0.134
0.147
0175
0.175
0354
0320
0354
0380
0309
0299
0290
0.262
0362
0289
0.159
0209
0.068
0.143
0.147
0171
0.144
0.180
0206
0275
0.266
0264
0.287
0212
0283
0249
0290
0272
0252
0.280

cpP

0.203
0.115
0.133
0.179
0.838
0.870
0.879
0.863
0.874
0.214
0.185
0.164
0.227
0213
0.207
0.205
0.198
0.255
0.284
0.306
0312
0215
0.300
0.300
0315
0.249
0.226
0222
0.214
0.166
0.250
0.197
0.258
0.274
0.180
0.252
0.231
0.251
0.299

The bold-faced values are the item loadings.

ECD

0.350
0.394
0.317
0.272
0.193
0171
0.225
0.178
0.165
0.847
0.877
0.887
0.875
0.322
0.306
0.296
0.289
0.323
0.431
0.380
0.406
0.158
0.252
0.251
0.272
0.235
0.283
0.258
0.263
0.318
0.307
0.301
0.230
0.290
0.318
0.283
0.296
0.374
0.372

0.361
0.265
0.342
0.230
0197
0.232
0231
0.246
0213
0.334
0322
0.342
0.280
0.799
0.841
0835
0873
0.862
0.294
0276
0270
0.246
0227
0.237
0.269
0215
0.248
0.234
0.501
0515
0474
0.495
0.446
0.425
0.531
0512
0.346
0.352
0.404

0.234
0.226
0.221
0.164
0.336
0.248
0.310
0.271
0.334
0.365
0.468
0.383
0.425
0.258
0.275
0.286
0.231
0.311
0.853
0.825
0.901
0.219
0.216
0.225
0.226
0.217
0.201
0.228
0.262
0.224
0.230
0.238
0.230
0.245
0.211
0.261
0.307
0.365
0.395

MP

0.144
0.121
0.133
0.139
0.335
0.244
0.322
0.257
0.294
0.249
0.245
0.214
0.273
0.225
0.247
0.263
0.209
0.274
0.255
0.207
0.213
0.728
0.893
0.864
0.867
0.215
0.262
0.266
0.231
0.222
0.220
0.274
0.233
0.260
0.219
0.256
0.202
0.198
0.325

NP

0275
0.148
0.158
0.099
0.288
0.235
0.188
0.243
0226
0.258
0.294
0.252
0.263
0.262
0.248
0.236
0.190
0217
0.254
0.258
0.241
0.260
0.255
0.230
0.243
0.825
0.874
0.843
0.143
0.136
0.163
0.075
0.085
0219
0.178
0.111
0213
0.248
0.280

oP

0.215
0.314
0.264
0.241
0.205
0.179
0.265
0.218
0251
0.320
0.299
0.290
0270
0.446
0.494
0.480
0.501
0478
0.284
0.166
0.258
0.228
0.272
0.229
0.214
0.151
0.130
0.132
0.871
0.866
0.840
0.857
0.869
0.800
0.880
0.885
0.283
0.323
0.326

ScP

0.285
0.284
0.226
0.192
0.289
0.227
0.249
0.261
0.228
0.310
0.365
0.363
0.317
0.323
0.347
0.314
0.327
0.405
0.367
0.340
0.321
0.228
0.232
0.213
0.243
0.246
0.244
0.214
0.280
0.314
0.270
0.306
0.247
0.226
0.208
0.419
0.867

0.923
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Constructs

cP
ECD
=
IEM
MP
NP
oP
SCP

BDAC

0214
0.461
0.409
0.301
0.185
0.248
0.344
0.344

cpP

0.239
0.283
0.399
0.376
0.318
0.278
0.322

ECD

0.407
0.548
0318
0.359
0.366
0.437

EP

0.376
0.330
0.322
0.616
0.458

0313
0.356
0.309
0.467

MP

0.354
0.310
0.312

NP

0.186
0.328

oP

0.375
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Hypotheses

H1a: CP -> GSCM Efforts

H1b: NP -> GSCM Efforts

Hic: MP -> GSCM Efforts

H2a: GSCM Efforts -> OP

H2b: GSCM Efforts -> EP

H3a: BDAC*GSCM Efforts ->EP -> EP
H3b: BDAC'GSCM Efforts ->OP -> OP
H4: OP -> EP

Original sample
(0)

0.217
0.265
0.200
0.336
0.239
0.087
0.097
0.410

‘Sample mean
™~

0.214
0.253
0.197
0.332
0.238
0.089
0.099
0.408

0.046
0.049
0.053
0.085
0.063
0.034
0.043
0.055

T statistics
(O/STDEV)

4.762
5.231
3.763
3.962
3.773
2512
2.252
7.432

p values

0.000
0.000
0.000
0.000
0.000
0.012
0.024
0.000
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Explanatory Variable Type |

Type Il

Type

Margin
“Gender (Female) 00251
Age of HH head -0.0512
Education level of 0.1590
Total HH size 0.1320°
Chilren in school 00115
Gross income -0.1822
Space availabilty -0.1540
Price of solar PV system 0.4138"
Dist. to market 0.0215
"Access to elect 03250
"Access to road 0.1460
*Access to credit 00196
"Location: Tank 0.0418"
“Location: Bhakkar 00513
"Location: Lakki Marwat 01061

Significance level:
“Dummy variable.

°Location dummies: Dera lsmail Khan is the reference category.
Note: Robust standard error (SE).

1%, “°5%, and *10%.

SE

0.0146
0.0798
0.1327
0.0780
0.0630
0.1756
0.1490
0.2403
0.0743
0.2095
0.1362
0.0390
0.0211
0.1280
0.1090

Margin

0.0710
-0.0190
0.1240
0.0671"
0.1310"
-0.9109"
0.1731
0.2406"
0.0109
0.6271°"
0.3461
-0.0675
0.1344
0.2130
0.3820

SE

0.0414
0.0150
0.1633
0.0410
00714
0.4716
0.1277
0.1239
0.0413
0.2410
0.2621
0.0569
0.1009
0.3610
0.1413

Margin

0.0167
0.1266"""
0.0541"
-0.0327
0.0698"
0.8351°""
0.0920
-0.1662
-0.0619
-0.5327
0.1420"
0.7115
-0.1364
0.1241
-0.0737*

SE

0.0176
0.0424
0.0270
0.0432
0.0411
0.2139
0.0681
0.2710
0.0528
0.3473
0.0678
0.6201
0.0670
0.2950
0.0314
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Explanatory
Variables

* Gender (Female)

Age of HH head
Education level

Total HH size

Children in school
annual net income
space availabilty

Price of solar PV system
Dist. to market
 Access 10 elec

* Access to road
 Access to credt

° Location: Tank

° Location: Bhakkar

° Location Lakki Marwat
Constant

Total number of observations = 611.
= -913.15.
Wald ChP, ) (45) = 317.63.

Log-kelihood functior

Prob > ChF = 0.0000.

Type | Type Il Type Il
Coef SE Coef SE Coef SE
00289+ 00153 00793+ 00357 0.021 00315
-0.0765 0.0615 -0.0532 00342 00612+ 0.0251
0241 0312 0135 0.145 0259 0079
04745 0237 0.518wx 01315 -0.123 0.183
-0.0357 0.0417 0.467%+ 01325 01261+ 00472
-2.706wwx 05926 07489 0643 29145 06829

-0.2301 0.1881 0347 03167 09622+ 0307
0,086+ 00134 05319 0.1824 -0276 0.4277
0.4364:5 0.1504 0993+ 03512 02634 0.1273

0.523 0.3641 0847 0.3215 -1.1622% 0.6307
0.1741 0.1527 0.1855 0.296 0.2358##+ 0.0612
-0.0914 0.1435 -0.0943 00804 037164 00758

0878 0927 0419+ 0.1904 0374w 0.1482

0519 0381 0346 0587 0259 0172

0.909 0712 0.366+ 02071 0.7874%% 0341
2,087+ 1.014 1.01526% 04396 -1.9305%x 0828

Signiicance lovel: »#+1%, ++5%, and *10%

“Dummy variable.

“Location dummies: Dera Ismail Khan is the reference category.

Note: coefficient (Coef), robust standard error (SE).
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Success cutoft: C = 0.5

Estimated equation

Constant probability

Dep =0 Dep =1 Total Dep =0 Dep=1 Total
P(Dep=1sC 586 15 601 0 0 0
P (Dep = 1)>C 0 2385 2385 586 2400 2986
Total 586 2400 2986 586 2400 2986
Correct 586 2385 2071 0 2400 2400
% Correct 100.00 99.38 99.50 0.00 100.00 8038
% Incorrect 0.00 0.62 050 100.00 0.00 19.62
Total gain* 100.00 ~0.63 19.12
Percent gain** 100.00 NA 97.44

Estimated equation Constant probability

Dep =0 Dep =1 Total Dep =0 Dep=1 Total
E (# of Dep = 0) 556.17 19.90 57607 11500 47100 586.00
E (# of Dep = 1) 2983 2380.10 2409.93 47100 1929.00 2400.00
Total 586.00 240000 2986.00 586.00 2400.00 2986.00
Correct 556.17 2380.10 293627 115.00 1929.00 2044.00
% Correct 9491 99.17 98.33 19.62 80.38 68.45
% Incorrect 509 083 167 80.38 1962 3155
Total gain* 75.29 18.80 2988
Percent gain** 93.67 95.77 9472

“Change in % correct from default (constant probability) specification.

#Piercant iaf sncarnect (ilsbrult) pradction: corsected by saust
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Andrews and Hosmer-Lemeshow tests grouping based upon predicted risk (randomize ties)

Quantile of risk Dep =0 Dep =1 Total H-L
Low High Actual Expect Actual Expect Obs. Value
1 8.E-18 6.E-07 297 298.000 1 21E-05 298 47,024.3
2 6E-07 03598 285 268,876 14 301244 299 959769
3 0.3656 0.9948 4 439654 294 293.603 298 003630
4 09948 0.9959 0 137706 299 297.623 299 138344
5 09959 0.9969 0 101988 299 297.980 299 102337
6 0.9969 09979 0 078338 208 297217 298 078544
7 09979 0.9986 0 048713 299 298513 299 0.48793
8 0.9986 0.9987 0 040935 298 297.591 298 0.40991
9 09987 09988 0 038037 299 298.620 299 038085
10 0.9988 0.9989 0 034535 299 298.655 299 034575
Total 586 576.075 2400 2409.93 2986 47,038.8
H-L statistics 47,038.75 Prob. chi-sq (8) 00000
Andrews statistics 2415974 Prob. chi-aq (10) 0.0000
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Gradients evaluated at estimated parameters

Computed using analytic derivatives

Variable Sum Mean Weighted grad
C 1.0793 3.5700 57932

Co, 1.6508 55323 33614

R 9.1307 3.0623 54765

LOCATION 1.0758 35823 ~4.9087

PRICE 1.1004 3.6743 -5.1655

SERVICES 1.0802 3.6143 -2.8643
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Test statistic Value Df Probability

t-statistics 2147228 2980 0.0000
F-statistics 461.0589  (1,2980)  0.0000
Chi-square 4610589 1 0.0000

Null hypothesis: C (2) + C (3) + C (4) + C (5) + C (6)
Null hypothesis summary

Normalized restriction (= 0) Value  Std. Err
C(2)+CB3)+C@+C(5)+C(6) 10.65064  0.496,018

Restrictions are linear in coefficients
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Dependent variable: ST

Variable

Co,

McFadden R-squared
Akaike info criterion

Prob (LR statistics)

0.9247
0.0785
0.000000

Coefficient (p-values)

~7.6831
(0.0000)
-03243
(0.0316)
-0.0034
(0.9052)
33657
(0.0000)
40756
(0.0000)
35370
(0.0000)
Mean dependent var

Sum squared resid

0.8037
17.6745
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Variable

IND

GDP

GCF

0.

0.148*
(0.000)
~0.006*
(0.000)
0.001*
(0.000)
0.000*
(0.000)

0.2

0.121%
(0.002)
~0.004*
(0.000)
0.001%
(0.000)
0.000*
(0.000)

0.3

0117%
(0.003)
~0.004*
(0.000)
0.001%
(0.000)
0.000*
(0.000)

0.4

0.173*
(0.000)
~0.005*
(0.000)
0.001%
(0.000)
0.000*
(0.000)

.5

0.144°
(0.002)
~0.005*
(0.000)
0.001*
(0.000)
0.000*
(0.000)

0.6

0.137*
(0.007)
~0.005*
(0.000)
0.001*
(0.000)
0.000*
(0.000)

.7

0124
(0.033)
~0.005*
(0.000)
0.001*

(0.000)
0.000*

(0.000)

0.8

0177+
(0.002)
~0.005*
(0.000)
0.001*
(0.000)
0.000*
(0.000)

0.9

0.398%

(0.047)
-0.002°"
(0.022)
0000+
(0.093)
0000
(0.535)

“,**, and *** are representatives of significance levels, i.., 1%, 5 and 10%, orderly.
T mam
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Regressor Fully modified OLS

Coefficient Standard error t-statistic
IND 9.00E-02* 347E-02 2.60E+00
RE ~2.68E-03° 749E-04 ~3.58E+00
GDP 641E-05* 251E-05 256E+00
GCF 801E-13* 265E-13 3.03E+00

*, **, and *** are representatives of significance levels, i.e., 1%, 5, and 10%, orderly.

The word

Is & representative of the exponential power.
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Trace test

Hypothesized Trace statistics Probability
no. of CE(s)

None 88,640 0000

At most 1 38.790° 0000

At most 2 19.880* 0030

At most 3 13.190 0213

At most 4 14830 0139

“, %, *** are representatives of significance levels, i.e, 1%, 5 and 10%, orderly

Maximum eigenvalue test

Hypothesized no. of CE(s) Max-Eigen statistic Probability
None 63.600% 0.000

At most 1 25470 0.005

At most 2 13460 0199

At most 3 12,140 0276

At most 4 14830 0139

“, **, and *** are representatives of significance levels, i 1%, 5 and 10%, orderly
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Variable 00cC ADF LLC IPS
Co, 1(0) 4.866 5.083 ~0843 0629
(0.900) (0.886) (0.200) (0.735)
0] 28785 438101 -1309%*  -3048"
(0.001) (0.000) (0.095) (0.001)
IND 1(0) 6719 7554 0824 1.695
(0.752) (0.672) (0.795) (0.955)
() 35909 57.976"  -3804* -3731"
(0.000) (0.000) (0.000) (0.000)
RE 1(0) 1.081 5028 6974 6.435
(1.000) (0.889) (1.000) (1.000)
1 31652 67.540°  -2.082* -3.304"
(0.001) (0.000) (0.019) (0.000)
GDP 1(0) 4262 2731 0852 1771
(0.935) (0.987) (0.803) (0.962)
[0 29200 33886*  -3.631° -3.376*
(0.001) (0.000) (0.000) (0.000)
GCF 1(0) 4134 2890 0.407 1437
(0.941) (0984) (0.658) (0.925)
1) 26.377* 29.333* -3.344* -3.023*
(0.003) (0.001) (0.000) (0.001)

OOC is the order of cointegration, ic., level I(0) and first difference I(1).

*,**, and *** are representatives of significance levels, i.e., 1%, 5 and 10%, orderly.

Probebility values are presented in parentheses.
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Variable

Abbreviation

Unit of measurement

Narration

name & periodic specification

Total CO, co, Tones__Annual Total CO, emission is measured in tones, which is based on production
emission

Industry IND The International Standard Industrial According to the International Standard Industrial Classification, the industry

Renewable energy

Gross domestic
Product

Gross capital
formation

RE

GDP

GCF

Classification (ISIC)__Annual

TWH__Annual

Current US $__Annual

Current US $__Annual

included construction (Division 05-43) and manufacturing (Division 10-33)
industries. Industrial data are considered a value add up in the industrial sector.
Value-add up is the net output of a sector after adding output and deduction of
intermediate inputs without subtraction of depreciation of fabricated assets

Renewable energy is measured and displayed in terawatt hour which is an
indication that 1 watt-hour is produced by using 1-watt source for 1 h

Current USD is the measuring scale of the gross domestic product

Current USD s the measuring scale of gross capital formation
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Authors

Mohsin et al. (2022a)
Naseem et al. (2021a)
Naseem et al. (2021b)

Saud et al. (2019)

Zhang (2019)

Charfeddine and Kahia (2019)
Yasin et al. (2019)
Shahbaz et al. (2019)
Dong et al. (2018)

Raza and Shah (2018)
Acar et al. (2018)

Bello et al. (2018)

Bakirtas and Cetin (2017)
Sinha et al. (2017)

Saidi and Mbarek (2017)
Destek et al. (2016)

Mazur et al. (2015)

Omri et al. (2015)

Apergis and Ozturk (2015)
Ben Jebli et al. (2015)
Back (2015)

Shafiei and Salim (2014)

Gao and Zhang (2014)

Al Sayed and Sek (2013)
Chandran and Tang (2013)
Farhani et al. (2013)
Arouri et al. (2012)
Al-Mulali et al. (2012)

Countries’ sample

Pakistan
Latin American and Caribbean regions
BRICS

Belt and Road Initiative (BRI) countries
Central Asian countries

MENA

110 developed and less developed countries
86 high-, middle-, low-income countries

14 Asia-Pacific countries

G7 countries

Middle East and OECD and OPEC countries
128 developed and developing countries
MIKTA

N-11 countries

19 emerging economies

CEECs

EU

MENA

14 Asian countries

24 Sub-Saharan Africa

Arctic countries

OECD countries

14 Sub-Saharan Africa

Developed and developing economies
ASEAN-5

MENA

MENA

Sub-Saharan African countries

Research method

ARDL, decoupling index, and impulse response
ARDL

EKC, ARDL, and decoupling index

DSUR and Dumitrescu-Hurlin (DH) panel causality
EKC and bidirectional causality test

PVAR

GMM

EKC

EKC

Co-integration test, IPS, and panel unit-root test
GMM

Environmental degradation index

PVAR

GMM

GMM

EKC, VECM, and EMOLS

EKC

Neutrality hypothesis

EKC

Granger causality and EKC

ARDL

Johansen cointegration, Westerlund cointegration, GMM,
and AMG

Panel cointegration and VEC

EKC

EKC

Pedroni cointegration, FMOLS, and DOLS
LM cointegration and mean-group estimation

Panel model

Data span

1971-2018
1971-2018

1971-2017/
1990-2017

1980-2016
1992-2013
1980-2015
1996-2016
1970-2015
1970-2016
1991-2016
1970-2016
1961-2013
1982-2011
1990-2014
1990-2013
1991-2011
1992-2010
1990-2011
1990-2011
1980-2010
1960-2010
1980-2011

1980-2009
1961-2009
1971-2008
1980-2009
1981-2005
1980-2008
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Province

Beijing
Tianjin
Heibei
Shanxi
Neimengu
Liaoning
jlin
Heilongjiang
Shanghai
Jiangsu
Zhejiang
Anhui
Fujian
Jiangxi
Shandong

Heinan

2007

4.001
3879
2926
2367
2625
2971
2864
2927
3864
4.090
3721
2926
3281
2906
3720
3155

2017

4258
4040
2733
2711
2343
2734
3074
2366
4295
4.080
3830
3541
3411
3.064
3543
3527

Ranking

14
16

12

Province

Hubei
Hunan
Guangdong
Guangxi
Hainan
Chonging
Sichuan
Guizhou
Yunnan
Shaanxi
Gansu
Qinghai
Ningxia
Xingjiang

2007

3.143
2581
4.129
2229
2927
2931
3118
1.880
2,560
2925
2229
1.895
1.499
2182

2017

3537
3543
4328
2742
2313
3961
3534
2917
2560
3572
1.896
1321
1.706
2320

Ranking

1
15

23
21

13
26
24
10
27
29
30
28
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Year ~ Gini  Intraregional differences  Regional differences Contribution rate (%)
East  Central ~ West  East-central ~ East-West  Central-West ~ Within Inter Hyper
region regional  variable
density
2007 0131 009 0048 0.126 0122 0.202 0.088 0031 0088 0012
2008 0144 0104 0051 0.138 0.137 0218 0.097 0035 0092 0018
2009 0139 0094 0042 0.142 0118 0217 0.108 0032 0.091 0016
2010 0132 0084 0038 0.150 0.106 0213 0.107 0030 0.090 0012
2011 0120 0077 0.041 0.148 0,091 0.185 0.103 0029 0075 0016
2012 0.144 0.098 0.050 0.167 0.115 0219 0.118 0.035 0.089 0.020
2013 0151 0100 0.064 0.191 0.123 0.221 0.124 0039 0.087 0025
2014 0155 0107 0070 0.199 0.125 0.220 0.130 0.041 0.083 0.031
2015 0146 0094 0074 0.185 0.120 0210 0.121 0038 0.085 0024
2016 0158 0011 0.091 0.204 0.134 0211 0127 0.044 0077 0.036
2017 0144 0110 0.084 0.186 0.121 0.187 0115 0042 0,063 0038
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Variable Symbol Obs Mean .D. Minimum Maximum
Industrial Green Transformation (log) LnUPgrade 330 1066 0277 0177 1498

Fiscal Decentralization (log) LnFD 330 -3.408 0113 -3.605 ~3.080

Fiscal Revenue Decentralization (log) LnFDR 330 -0.748 0230 -1181 0219

fiscal expenditure decentralization (log) LnFDE 330 ~0204 0.070 -0.428 -0.068
Environmental fiscal expenditure (log) LnEF 330 -4.943 0588 -6.727 -3.308
Environmental tax revenue (log) LnET 330 -6.138 0976 ~10.367 -3.707
Population Density PD 330 0058 0.069 0.004 0383

Natural Condition NC 330 0.190 0202 0.001 0996

Human capital HC 330 1259 0201 0768 1686
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Variables

LnUPgrade,.,

LnFDR

LnFDE

LnFDRxLnEF

LnFDRXLnET

LnFDExLnEF

LnFDEXLnET

LM-Lag test

Robust LM-Lag test
LM-Error test
Robust LM-Error test
LR Test (SAR)

Test (SEM)
Control Variables
LogL

P

R2

N

e O 9 T R A w0, WO Sl 0 Tl oty T wklioss e vt N e tesies.

1)

0863+
(17.700)
0857
(13.100)

460.229"*
236013
255602+
31,385
10390
8.160%
YES
-627.046
0.218%*
0.182

300

(2)

0956+
(19.860)
1612+

(12.780)

0252+
(10.680)

227.821%*
91.401%+*
192.158***
55.739**
14170
11220
YES
~872.690
0.517%%
0288

300

3)

0,663+
(13270)
1736+
(13.990)

02224
(11.900)

225874
109.114%*
169.173%*
52413
15.500%*
16.080**
YES
~586.466
0.460%+*
0.161

300

)

0.744%*
(15.320)

2655+
(8.730)

630324
164.249***
533363
67.287%%
14420
13250
YES
-426.279
0.907%**
0.098

300

®)

0915+
(18.880)

7380
(14310)

1268
(13.990)

561.619"*
224761
385.026"*
48.169**
152407
13.740%
YES
~1024.291
0.832+%*
0.102

300

6)

0.735%**
(14320)

40134
(8.600)

0.446**
(6.140)
566.376*""
207.390°
426819
67.833%
27,590
24410
YES
-377.222
05914+
0120

300
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Variables  Effect 1) 2) 3)
LnFD SR Direct effect 0618+ 1212+ 1035+
SR Indirect effect =2.841*% ~2.199% =3.549**
LR Direct effect -20919 8912 9573
LR Indirect effect ~ 10.243 ~10.644 ~16.131%*
LnFDXLnEF SR Direct effect 0.075%*
SR Indirect effect 0327+
LR Direct effect 0.559
LR Indirect effect 0.145
LnFDxLnET SR Direct effect 0.048**
SR Indirect effect ~0.011
LR Direct effect 0350
LR Indirect effect ~0.256

Note: *, ** and *** donate significance at 10%, 5% and 1% levels, respectively.
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Variables Robustness test 1 Robustness test 2 Instrumental variable test
(1) ) 3) 4) (O] (6) @) ®) ©)
LnUPgrade,., 1115 1.070%+% 12614 0952+ 0935 0.852°%
(23.210) (22320) (25.780) (19.720) (19.390) (17.150)
LnFD 0319 1099 0250 0.101% 0085* 0.106* 7,539+ 2938+ 2.652*
(6.500) (9:810) (3.750) (2.060) (1.720) (1.920) (3.800) (8.070) (1.690)
LnFDxLnEF 0205 0570 0,103+
(9.060) (2380) (9.370)
LnFDXLnET 0010 0.003 1.252*
(0.360) (0.920) (2.59)
LM-Lag test 418925+ 232.899* 279.978** 167.820% 127477 148.187+
Robust LM-Lag test 196,847 89126 108283+ 57.235% 61198+ 63810
LM-Error test 269.969* 209.394% 248,633+ 1106104 66861+ 84.486"*
Robust LM-Error test 47891 65,622 76,938 0024 0581 0.109
Control Variables YES YES YES YES YES YES YES YES YES
Logl. -982.166 ~1195.691 ~1093.935 377.093 373819 402.070
p 0488+ 0,554+ 0272 0,663 0.660°** 0272
R 0094 0.079 0,089 0069 0038 0.050 046 0962 0342
N 300 300 300 300 300 300 330 330 330

L L S ——————)
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Variables LnUPgrade LnFD

LnGT

LnTAX

2007 0.055**%(2.650) 0.049*(2.470)
2008 0.053(2.577) 0.041%(2.236)
2009 0.049*(2.439) 0.039(2.179)
2010 0.054%(2.617) 0.044%(2.312)
2011 0.045"(2.352) 0.050*(2.516)
2012 0.046*(2.394) 0.030%(1.904)
2013 0.048*(2.450) 0.026*(1.781)
2014 0.044*(2.310) 0.025*(1.764)
2015 0.052*(2.550) -0.004 (0.900)
2016 0.052+(2.564) 0,008 (1.257)
2017 0.051%4(2.542) 0.027 (1.847)

0.074**(3.194)
0.069**(3.039)
0.081*(3.391)
0.106**(4.146)
0.087*%(3.574)
0075*(3.216)
0.066**(2.993)
0.073**4(3.148)
0.059**+(2.771)
0.034+%(2.035)
0.030*(1.907)

0.031*(1.940)

0.032+(1.982)
0.027°(1.826)

0.035*4(2.064)
0.035"(2.060)
0.028"(1.883)

0.043*(2.317)
0.034*(2.056)
0.046**(2.432)
0.036*(2.127)
0.050**(2.524)

Wil 90 % e i i ot S0 0 o T8 ol weupentioiy: Tmalinnn ave: chinn s paseniiimse:
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Variables

Benchmark regression

Mechanism test

(1) (2) @) (€]
LnUPgrade,., 0973 08437 0830+
(19.840) (17.210) (16370)
LnFD 0.266** 0577% 1081+ 0963+
(2.680) (6:840) (12.300) (10.280)
LnFDxLnEF 0,095+
(16.230)
LnFDXLnET 0047
(11.700)
PD 0.518* 0275 0813 0647
(1.740) (1.090) (3.210) (2.560)
NC 0358 1036 0351 L1710
(~1.300) (3.960) (1.330) (4.490)
HC 0,245+ 0.600°* 0793+ 0,650+
(3.270) (8.660) (11.400) (9.010)
LM-Lag test 872.348* 354,441 926,863
Robust LM-Lag test 286.131% 130.962* 352707
LM-Error test 616.044%+ 294,046 590.135%**
Robust LM-Error test 29,827 70,567+ 15979
LR Test (SAR) 1118* 16.180% 16980
LR Test (SEM) 10.560°** 13330 20800
Hausman test 13.020% 38.900" 16280
LogL -410.806 -593.619 1088330 ~410.806
P 0.460%+ 03117 0,992+ 0403+
R2 0.016 0.166 0,099 0176
N 330 300 300 300

Note: *, ** and *** donate significance at 10%, 5% and 1% levels, respectively. T values are given in parentheses.
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Variables

LnUPgrade,.,

LnFD

LnFDXLnEF

LnFDXLnET

LM-Lag test
Robust LM-Lag test
LM-Error test
Robust LM-Error test
LR Test (SAR)

Test (SEM)

Control Variables
LogL

p

R2

N

Eastern region

Central region

‘Western region

1)

0,550
(7.270)
0.116
(1.260)

170.631%*
73.895**
97.805***
1.069
10.450°*
9.670"
YES
210.081
0347+
0.047
300

)

0,530+
(7.140)
0.063
(0.790)
0,012+
(2.260)

118.174%+%
34.260°
85,109
1.195
7.010
6.680
YES
173.069
0.328*
0.095
300

3)

0559+
(7.430)
0.068*
(0.710)

0004
(1.550)
155.096"*
744744
81180+
0558
10830°
10.060%
YES
211071
0345+
0086

300

)

0,600
(6.060)
0337
(2.030)

32,526
3.780%
33.005**
4258*
29.340**
14,830
YES
-31.739
0.292*
0228
300

(5)

0,568
(5.450)
0369
(2.370)
0,006
(0.500)

19.254%%%
1114
25.079***
6.939%*
31,560
19.570°%%
YES
-17.058
0.828*+*
0233
300

(©)

0418
(4.400)
0545
(3.510)

0032
(3.350)
22218
2309
24.764*
4855
33,010
23370
YES
220431
0,965
0310
300

@)

0,578
(6:370)
0549
(-1.820)

119.041°%
0595
133.962***
15,516
55.170*
52770
YES
-850.197
0.564*
0532

300

®)

0586
(6.360)
0515
(-1.670)
0.011
(0.500)

83.866%*
5.001%
96.109***
17.244%%
55.710*
53330
YES
-1724218
0.556*
0.488
300

)

05734
(6.340)

~0621
(~1.960)

0005
(=0.200)
82489
0469
112496+
30475
37320
30920
YES
-931.681
0.561%
0509
300

i G S R e T O T O il st i i iscn i,
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Variables

LnUPgrade, ,

LnFD

LnFDXLnEF

LnFDXLnET

LM-Lag test
Robust LM-Lag test
LM-Error test
Robust LM-Error test
LR Test (SAR)

Test (SEM)
Control Variables
LogL

P

R2

N

Note: *, ** and *** donate

High marketization

Low marketization

(1)

0830
(13.950)
0409+
(6.540)

303.928*
18.009°%%
386,867
100.948**
18,670
11450
YES
~167.463
0.602%%*
0.054

200

@)

0.944%+%
(16.000)
0695+
(8.990)
0.057**
(7.530)

242,127
14,022
337.875**
109.770"*
20.080%**
12.68*
YES
-355.541
0.446***
0.138

200

(3)

07614
(12.460)
0097
(1.340)

0.004
(0.880)
221871+
53,177
202616
339220
13480
1409
YES
267422
0,679
0814

200

ignificance at 10%, 5% and 1% levels, respectively. T values are given in parentheses.

)

0353+
(3.600)

-0223%
(-2510)

100.892**
0.004
201421
100.533*
27.340%%
27.600***
YES
-66.563
0.988**
0.204

100

5)

0406+
(4.230)
-0.190*
(-1.950)
0.011
(1.120)

97.106***
1330
172.507***
76.731**
33.180%**
32,550+
YES
173.794
0.119
0035

100

(6)

0439+
(4.580)

-0.204*
(~1.680)

0009
(0.900)
30.660°*
2878*
59.575*
31793
25,940
22,930
YES
175.440
0046
0028

100
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Variable

LInCg

Dfact

InGdp

Open

City

InIntel

InH_c

InGov

InE_c

WDf

F(Wald)

R
Obs

M1

-0.0016
(-2.99)
09425+
(5.37)
-0.1745
(-0.84)
—27011+
(~4.14)
02662
(6.40)
~1.0479
(-6.49)
0559
(=9.06)
03025
(12.82)

59.24
00162
270

General panel

M2

~0.0004
(-134)
26591+
(1.97)
~02620
(-1.96)
~0.1659*
(-034)
0.0037
(0.24)
-0.1233
(-1.01)
~00333
(-098)
0.1216
(6.83)

675
0.0465
270

Static SDM

M3

~0.0032%*
(-221)
06340
(4.07)
~0.0019%
(-0.02)
00596*
(0.12)
~0.0144
(~0.98)
~0.1484
(-1.38)
~0.0588*
(-191)
01352+
(8.57)
~0.0023
(-0.04)
3507
04969
270

Dynamic SDM
M4

0.5941%%
(13.46)
~0.0059*
(-2.21)
01438
(1.05)
-0.0024**
(-0.04)
-0.6223*
(-1.49)
-0.0142
(-1.23)
-0.0164
(-0.19)
~0.0106*
(~0.42)
00544
(3.90)
~0.0011
(=0.02)
8973
07345
270
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Variable
Explained Variable

Core Explanatory Variable

Mediating variable

Control Variable

Index selection

Carbon emission

Digital finance
Technological innovation
Industrial structure

Mass entrepreneurship
Economic development
Openness

Urbanization
Informatization

Human capital
Government intervention

Energy consumption

Sign

InCg
Df

Rd

Is

Es
InGdp
Open
City
Inlntel
InH_c
InGov

InE_c

Mean

5.660
203.357
10639
1.291
0.279
10423
0.022
0.576
3528
7.817
4.782
3768

0774
91.567
1.406
0712
0296
0410
0.022
0.123
1501
0283
0619
1.803

379
18.330
6.595
0527
0.012
9.428
0.000
0.343
0.104
6.986
3.055
1.548

Max

7454
410281
13,601
5234
1463
11578
0.136
0.941
6782
8632
6616
10.666
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Year Digital finance Carbon emission

Moran’s I Z-value Moran’s I Z-value

2011 0338 4.006*** 0208 2638
2012 0.387 4.59* 0.213 2,699
2013 0.367 4393 0221 3.032%%%
2014 0372 4454 0.204 2.860%*%
2015 0.321 3.894*% 0209 2.862
2016 0.358 4316 0.192 2628
2017 0.365 4.389*** 0.168 2381%%%
2018 0.387 4.591* 0.170 2429
2019 0397 4.695*** 0.164 2347

Note: *** represent the significance levels of 1%.
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Variable

LinCg

Df

InGdp

Open

City

InIntel

InH_c

InGov

InE_c

WDf

Eastern region
M1

03833
(4.89)
~0.0007*+*
(-0.75)
0.6810°*
(357)
~0.0074
(-0.07)
~0.3098*
(-0.58)
~0.0118*
(-1.24)
-02230
(-1.67)
~0.0480*
(-2.03)
0.1852%*
(3.94)
~0.0017*
(-0.89)
~317.8219
00595

99

Central region
M2

00171
(0.17)
~0.0019
(-0.89)
14438+
(4.39)
~1.3996
(-146)
~4.3959
(-1.33)
00343
(1.51)
~0.5022
(-0.92)
-0.1672*
(-1.55)
0.5897%
(5.90)
~0.0243
(-1.26)
~1836.9992
03412
72

‘Western region
M3

03785+
(492)
~0.0041
(-2.21)
02883
(0.73)
-12715%*
(-2.83)
29168
(1.33)
00563
(1.55)
~0.4520
(-1.43)
~0.0571*
(-0.90)
01377
(5.10)
00141
(1.09)
~533.6390
00013
99

Note: *** means significant at 1%, ** means significant at 5%, and * means significant

at 10%.
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Variable Replace the explanatory variable Adjust sample time

Static SDM Dynamic SDM Static SDM Dynamic SDM
LInCg —_ —_ — 041924
(6.06)
LInCg p —_ 05781%* — —
(12.97)
Df ~0.0034° ~0.0027° ~0.0025* ~0.0014*
(-2.40) (-229) (-1.74) (-1.05)
InGdp 0.5921+ 01191 0.4119% 00205
(3.88) (087) (251) (0.12)
Open -0.3325 -02795* 04411 ~0.0503*
(-0.56) (-0.60) (091) (~0.09)
City ~0.6417* ~0.3974%* ~1.8307*** ~1.5888"
(-132) (-0.96) (-3.33) (v2.17)
InIntel ~0.0090 -00121 ~0.0341* ~0.0154
(-0.63) (~1.06) (-2.24) (-0.97)
InH_c -0.0482 -0.0507 -0.1014 -0.0622
(-0.46) (-0.59) (-095) (-0.54)
InGov ~0.0419 ~0.0069° ~0.0280 -0.0273
(-1.39) (-0.28) (~1.00) (~1.06)
InE_c 0.1202% 00507 0.1019% 00927
(7.78) (3.70) (5.87) (5.15)
WD -0.0039 ~0.0006 -0.0019 -0.0027
(-0.02) (-0.01) (-0.01) (-0.03)
LogL ~6535.0988 ~7179.2445 ~7179.2445 ~1482.8065
R 0.0466 04093 00552 06133
Obs 270 270 180 180

Note: ***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively.
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Variable Benchmark model M= M=1Is M=Es
Cg Rd Cg Is Cg Es Cg
M1 M2 M3 M4 M5 Mé M7
LInCg 05941+ —_ 06322+ —_— 05858 —_ 06372
(13.46) e (1426) — (1350) — (14.60)
Df ~0.0059* 0.0005** -0.0026* 0.0003* ~0.0039* 0.0021 ~0.0026%
(-221) (278) (-224) (0.34) (-2.30) (1.74) (-2.26)
Rd — — ~0.5756" — — — —
(-1.88)
Is — — — — ~0.1973* —_— —
(~3.36)
Es e —— — — e — -0.0193
(-039)
InGdp 0.1438 00163 00193 02271 01534 0.1179 00141
(1.05) (0.90) 0.15) (221) (113) (0.93) (0.11)
Open ~0.0024° 01015 ~0.2506" ~0.4984 ~0.3084* ~0.0606 ~0.1229°
(-0.0004) (1.54) (-054) (-1.44) (-0.70) (-0.64) (-1.33)
City ~0.6223* -0.0670 -07342* 08672 ~0.6430* ~0.0445 ~0.6305*
(-149) (-1.10) (-1.73) (2.65) (-1.55) (=0.10) (-151)
InIntel ~0.0142 0.0051%% ~0.0196 00126 ~00151 0.0012 ~00179
(-1.23) (2.99) (-1.69) (1.39) (-1.34) (0.10) (-1.55)
InH_c ~0.0164 0.0273* 00073 01111 00147 0.0635 -0.0025
(-0.19) (11) (-0.08) (~1.60) (-0.17) (0.70) (-0.03)
InGov -0.0106* -0.0100** ~0.0046* -00125 -0.0150* -0.0052 ~0.0060*
(-042) (~2.66) (-0.18) (-0.63) (-0.60) (-0.21) (-0.25)
InE_c 0.0544% 00022 00531+ -0.0092 00561 -0.0264* 0.0545*
(390) (1.13) (372) (-0.86) (4.06) (-1.90) (3.83)
Log-L -468.7241 3626435 ~1486.1559 204.6694 ~6535.0988 -876.6816 ~739.1573
R 07345 08374 07935 0.8608 04819 00233 08405
Obs 270 270 270 270 270 270 270

Note: *** means significant at 1%, ** means significant at 5%, and * means significant at 10%.
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Land use/cover categories 2000 2020 Area change (4) = 2000-2020

km? and (%) km? and (%) km? and (%)
Water 622 (0.686) | 670 ©73) 048 (0.04)
Vegetation 395.82 (43.66) \ 263.22 (29.03) ~1326 (-14.63)
Barren Land 35348 (38.99) ‘ 17249 (19.02) ~180.99 (-19.97)
Built-up ‘ 3250 (3.58) | 31886 (35.17) 286,32 (31.59)
‘ 10973 (12.10) | 13609 (15.01) 26.36 (291)

Forest
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Population Growth rate (%)

‘ 2000 568,689 ‘ 353
‘ 2010 804,337 ‘ 353
‘ 2020 1,129,198 s

Source: hitpe//worldpopulationreview.com/world-

T —
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LULC types

2000 2020

km? and (%) d (%)  km? and (%)
Water 622 (0.686) 6.79 (0.74) 670 (0.73)
Vegetation 395.82 (43.66) 36925 (4073) | 263.22 (2903)
Barren Land 353.48 (38.99) 33855 (734 | 17249 (1902)
Built-up 3250 (3.58) 8388 (9.25) 318.86 (35.17)
Forest 109.73 (12.10) 99.29 (10.95) 136.09 (15.01)
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Serial number Evaluation index Digital teaching and learning Traditional teaching

- Teaching form Individualized Collectivization

2 Teachers’ ability High High

3 Carbon emissions Low High
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Country/region Emissions (million tonnes) Average annual increment rate missions per (capitation/person)

China 9,899.3 0.6% 69
America 4457.2 ~11.6% 135

India 23023 -7.1% 17

‘The Russian Federation 14822 ~74% 102
Japan 1,027 -84% 81

Iran 6782 02% 81
Germany 604.9 ~11.5% 72

South Korea 577.8 -7.5% 13

Dhits: snivee: Phivis Consaling:
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GEDL 0991 2,009+ 0151
(4.11) (522) (2.30)
FDI | oz 1578 000355
(-4.10) | 072) (-049)
OPEN 0683 -1552 -0.113
=) (-330) (-181)
—cons. | 0.424%* 0.179** 0.214%*
(1201) (4.09) (30.49)
N 9 81 72
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9 81 ‘
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FIDL 37830 7.689**

~7.44 -14.28
_cons. 0.240** 0.140%**

-1553 -13.16
N 99 81

¢ slatitics i parcotbosos 5 2 0105, 2 0L, *% < 001, Thb recults wiers obscrved by sradially sdding contral viriailes e o ol tils.

72

0728**

-368

0200%*

-37.14
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Sobel-goodman Tests
Coef StdErr z P>|z)
i Sobel 0293 | oosss o 0.000621
Goodman-1 0293 0.0866 o 0.000707
Goodman-2 0293 0.0847 3459 0.000542
[ [ [ o StdErr | z | P>z|
A coefficient = 0.106 00209 5083 3.70e-07
B coefficient = ) 0596 w9 a70e0s
Indirect effect S 0293 0.0857 3422 0000621
7 Direct effect = | s 0212 7.502 0 [
Total [ effect = 1882 0210 | aon 0
Proportion [ of total effect that | is mediated 0.156
Ratio of indirect to direct effect 0.185
Ratio of total to direct effect 1185
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Observed bootstrap Normal-based

Coefficient std. err  z P>z [95% conf. Interval]

_bs_1 2931259 1272981 . 0021 | 0.0436262 5426255

_bs2 158841 3868231 8 0 8302511 234657
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uis 270 0298 0.107 0272 0155 0751
GFDL 270 0084 0.025 0.081 0039 0169
PS 270 0924 0.184 0914 0518 1352
ML 270 0097 0037 0.091 0046 0238
TDL 270 0483 0.089 0.493 0208 0627
URBAN | 270 0184 0.049 0.185 0000 0277
REDL 270 4153 0391 4176 3009 4921
FDI 270 0050 0.200 0.010 0.000 1372
OPEN 270 0102 0.093 0.064 0.001 0379
HC 270 0007 0.003 0.007 000 ool
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Variable Eq: 2 Eq3 Eq. 4
GEDL 1064+ 0.047
(0.325) (0242)

s -0.159 0111

(0.118) (0.101)

ML 141 101

(0.519) (0.448)

TDL 0444 -0610*

(0.341) (0322)

URBAN 0444 0253

(0.766) (0.746)

REDL 0261 02474+

(0.104) (0.074)

FDI -0018° 0012

(0.010) (0.010)

OPEN 0497 0398+

0.129) (0.144)

HC o -1376

(5711) (4.950)

FIDL 3847 1936

(1.196) (0.876)

_cons 0208+ -0610° 0201 -0472°

(0.027) (0.304) (0.030) (0247)

2 0.167 0571 0373 0614

N oo | 27000 270,000 270000
Standard errors in parentheses

<01

1 < 005, **p < 001
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Primary Secondary indicator Description

indicator

Green Securities | Market capitalization ratio of high energy-consuming and high-pollution | The market capitalization of high energy-consuming and high-polluting
industries/Market capitalization of environmental protection enterprises enterprises/total market capitalization of A-shares

‘The total market value of environmental protection enterprises/total market
value of A-shares

Green Credit | The interest of high energy-consuming and high-polluting industries accounts | 8 major high energy-consuming and high-polluting industries interest
for the interest expenses of industrial enterprises above the scale expenses/above-scale interest expenses
Green Insurance Insurance payout ratio and depth of coverage Agricultural insurance revenue/Gross agricultural output (depth of
insurance)

Agricultural insurance expenditure/agricultural insurance (insurance payout
ratio)

Green Investment Industrial pollution investment as a share of GDP Environmental pollution control investment/GDP

Policy Support ‘The ratio of environmental spending to fiscal spending Environmental spending/fiscal spending
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Variable Index Computing method
Level of regional economic development | REDL  GDP is taken as a logarithm (higher levels of economic development are associated with better environmental governance)
Foreign Direct Investment FDI Real foreign direct investment/GDP
Level of urbanization URBAN Regional urban population/total local population
Human capital HC Regional enrolment in general higher education institutions/total local population

Degree of openness to the outside world | OPEN Regional actual FDI utilization/regional GDP

Level of marketability ML Fiscal expenditure/GDP data

Production status s Total output/total employment
Level of technological development TDL Regional R&D levels are taken as logarithms
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Zone 1

Zone 2

Zone 3

Zone 4

Zone 5

Correlation coefficient for LST-NDVI

2000 3182 292 37.44 344 0.13 057 033 014 -089
2010 2967 41.00 34.00 334 | 0.14 050 032 010 -050
2020 27.50 3160 2976 106 0.56 079 069 070 -057
2000 3683 4291 40.33 150 | 00 043 019 0.07 ~0.59
2010 3129 3925 3551 236 0.13 040 023 0.08 -059
2020 2998 3394 3215 08 | 051 073 | os0 0.06 -024
2000 2627 3693 3171 247 032 060 044 0.07 -043
2010 2754 3865 3170 25 om0 058 043 0.07 -052
2020 2627 3693 3171 247 0.68 084 077 003 -053
2000 3004 4128 3572 301 0.17 055 032 0.09 ~0.66
2010 3255 4171 3542 202 s 051 037 0.08 -053
2020 2785 3036 2920 065 0.58 079 070 005 -026
2000 3438 43.60 39.3 216 | 0.19 041 028 0.06 -040
2010 3104 4211 35.94 345 0.17 039 029 0.07 -040
2020 2843 3145 29.89 08 0s6 o 068 0.06 -032
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Sectors

Transports and communication
Irrigation

Energy

Agriculture

Education

Health

Water and sanitation
Environment

Governance

Disaster risk management
Housing

Private sector

Livelihoods support
Financial sector

Total

Damages

13
24

429
27

135
24

57
855

Reconstruction cost

126

58
39
578
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Year

1950
1955
1956
1957
1959
1973
1975
1976
1977
1978
1981
1983
1984
1988
1992
1994
1995
2010
2011
2012
2013
2014
2015
2016
2017
Total

Direct losses

488
378
319
301
234
5134
684
3,845
338
2227
299
135
75
858
3,010
843
376
10,000
3,730
2,640
2,000
500
170

38,171

Lost lives (number)

2,190
679
160
83

88
474
126
425
848
393
82

39
42
508
1,008
431
591
1,985
516
571
333
367
238
153
172
12,502

Affected villages (number)

10,000
6,945
11,609
4,498
3,902
9,719
8,628
18,390
2,185
9,199
2,071
643
251
100
13,208
1,622
6,852
17,553
38,700
14,159
8,297
4065
4,634
43

197,273

Flooded area (Km~)

17,920
20,480
74,406
16,003
10,424
41,472
34,931
81,920
4,657
30,597
4,191
1,882
1,093
6,144
38,758
5,568
16,686
160,000
27,581
4,746
4,483
9779
2877

616,598
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Years
Commadity Producing Sector
Agriculture

Major Crops

Minor Crops

Livestock

Fishing

Forestry

(At constant factor cost) (%)

1969-1970
61.6

389

234

42

10.6

05

01

1999-2000

493
259
9.6
35
1.7
0.4
07

2004-2005
48.7

224

8.4

27

106

0.3

0.4

2008-2009
47.1

218

73

25

1.3

04

03

2009-2010
47.6

212

6.9

22

114

04

03

2010-2011
46.7

209

65

23

115

0.4

0.2
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Province

Balochistan
KP

Punjab

Sindh

River/Flash flood

Bolan, Chagai, Gwadar, Jaffarabad, Jhal Magsi, Kech, Kharan, Khuzdar, Lasbela, Nasirabad, Nushki, and Sibi

Buner, Charsadda, Chitral, D T Khan, Dir Upper, Dir Lower, Kohistan, Kurram, Lakki, Marwat, Malakand, Mansehra, Mardan,
North Waziristan, Noshera, Orakzai, Peshawar, Shangla, South Waziristan, Swabi, Swat and Tank

Bakkar, D G Khan, Gujranwala, Gujrat, Jhang, Khushab, Layyah, Mianwali, Muzaffargarh, Narowal, R Y Khan, Ranjanpur,
Rawalpindi, Sialkot and Sheikhupura

Badin, Dadu, Ghotki, Jacobabad, Jamshoro, Kamber, Karachi, Kashmore, Khairpur, Larkana, Sanghar, Shahdadkot, Shikarpur,
Sukker, T M Khan and Thatta
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Hypotheses p values

‘ 1 EWU -> AEW 0538 | 0024 22499 0.000 Significant
‘ 2 EWR -> AEW 0486 ‘ 0029 16.769 0.000 ‘ Significant
‘ 3 AEW -> IB 0192 0033 5.860 0.000 ‘ Significant
‘ 4 | Moderation LDC -> IB | 0804 ‘ 0.121 6623 0.000 ‘ Significant
‘ 5 Moderation LTT -> IB. 0784 ‘ 0.118 6633 0.000 ‘ Significant

EWU, E-wallet Usefulness; EWR, W-wallet Risk; AEW, Adopting E-wallet; IB, impulsive buying; LDC, low distribution charges, and LTT, low transit time.
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Va

Adopting E-Wallet

E-Wallet Risk

E-Wallet Usefulness

Impuisive Buying

Low Distebution Charges

Low Transit Time

EWU, E-wallet Usefulness: EWR, E-wallet Risk: AEW, Adopting E-wallet: IB, impulsive buying LDC. low distribut

Item:
ABWI
ABW2
ABW3
EWRI
EWR2
EWRS
Ewul
Ewuz
EWU3
EWUs
51
52
5
™
11
Loc2
1o
Lpc
Lpcs
vm
2
T3
T

1T

ik 1 willus ¢ wallts more ofen in the fuure
161 have tochoos, T prfer to s valets

Promoions canducted by e llet are nersting

1 beivethat c-valle syterns can be trusted

Ticlee the nformaton provided by c-vlle prviders

L rly on evllets todo the rasacion

il use cvllets because most people s them oo

1 fc that my sefmage and st have improved sinc wsing e-vallets

L am inersted in promoions provded by evalet providers

Fintend (0 use evllts i the fuure

Hose sefconrol quite requenty when purchasing

I sometimes plan things in advance

1t g o shop orline

ik 0 indulge mysel by buying tings for leasure

‘The company has a lsr disbution e s

e company bas difernt disounts on disrbution of goods scording to the difrent ogisics serice
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Statistic (t)
~3.6782
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-4.7819
-4.7182

p-value
0.001
0.004
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Statistic (t)
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~5.5698

p-value
0.0000
0.0000
0.0000
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Variables Jiangsu Province Southern Jiangsu Central Jiangsu Northern Jiangsu

ADF LLC ADF LLC ADF LLC ADF LLC
In (PN) 411110 -4.7943% 7.6224 ~2.1514 17.2448°* ~2.9637+ 63284 -13939
Aln (PN) 60.8516% ~10.0451% 13.1449 ~5.7425% 18.1303*+* ~5.0624 *** 565669 *** 60055 ***
GE 157831 ~15146 * 0.0775 51718 26822 -22501 % 74974 07364
A GF 55,0771+ 51288 13.5480 ~37070% 193384 ~9.0853+ 125147 48663
RD 137107 30219 07271 24827 52417 19818 34540 23736
A RD 1047016+ ~7.4477 57.6485* -58713% 102639 19969 89760 ~2.0820 **
In (HC) 363547 * 519501+ 27.8817 *** ~2.9883+ 6.1000 0.0535* 39971 -4.9461 ***
Aln (HC) 55.8596 *** ~15.9767** 67.5704%%% ~9.4728" 5.6547 ~8.2299% 144949 ~7.3001 ***
In (TL) 28.1806 -1.1790 69197 ~0.6493 53742 -16812% 35756 -1.1958
Aln (TL) 48.1221°%* ~5.9923*% 7.3826 ~2.3815% 54.8394 % ~5.7439" 10.0394 40453 ***
ER 441546 ~2.6098** 20384 27340 44275 ~20175 * 22300 ~0.8682
A ER 56.0468** 55028+ 20155 1.8961 13,8726 ~40282 27,0976 ** -5.39330
FDI 57.4453+% -5.9104 *** 13.6366 ~43681% 14,0245 ** ~2.8393 7.1554 33078 ***
A FDI 95.4389* ~10.6492° 57.4212%* -82170 137270 ~5.4686" 139333 ~6.6254 ***
op 132819 ~24840* 24.9558*+* ~5.8268" 25,3075 ~2.8616 *** 7.3188 -1.0765
A OP 84,2348+ 68406 64.2270°* ~2.1067+* 331527 -5.3825 *** 37.1465 *** -5.2027 ***

Note: **** *, *Mean

ificant at 1%,5%, 10% level.
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PN 1536248 19517.26 107.00 138861.00 195
GE 20.63 2901 057 21628 195
RD 101.66 115.52 210 671.94 195
TL 4266.72 5134.00 195.54 3419579 195
HC 36800.00 3780000 2800.00 218400.00 195
ER 315 408 025 19.65 195
FDI 2034 1756 049 91.65 195
oP 041 050 0.02 3.50 195
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Explained Variable

PN

Numbers of patents

Explanatory Variables

TL
FDI
oP

Environmental regulation
Financial input of R&D
Human capital input

Governmental funding

Loan for technical innovation
Foreign direct investment

Openness

Implications

Including three types of patents in each city

Industrial waste water discharging in each city
Research and development expenses for the whole city
Number of people engaged in scientific and technological activities

Local finance general budget expenditure on government science and technology multiply the proportion of appropriations in
fiscal expenditure

Year-end loan balance of science and technology and technical transformation loan multiply the proportion of total loan
Actual uses of the foreign investment amount of each city, converted into the RMB currency

Total import and export volume divided by GDP of each city
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Variables Long-run

EC (Error-Correction)

AlCT

ARE

AT

APOP
1ot 0.087 (0.256)
RE ~0.477* (0.036)
T 0.319" (0.041)
POP 0.344* (0.039)

Standard errors are in parentheses with *** 1,

Short run

0253 (0.083)
-0.285" (0.076)
0348 (0.033)
0352 (0.088)
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Standard errors are in parentheses with ***
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03991
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Panel Quantile

Regressions
20% 30%
0.2390" 01979
(0.0929) (0.0799)
02759  -0.1851
(0.0759) (0.0659)
02661% 01799
(0.0629) (0.0666)
0.2801™ 0.1911*
(0.0822) (0.0714)

_59,

1%,

40%

02078
(0.0659)
-0.2089
(0.0544)

0.2889"*
(0.0499)
03001
(0.0610)

50%

0.1488
(0.0603)
-0.3102*
(0.0499)
03009
(00511)
02998
(0.0503)

60%

0.0980
(0.0851)
-0.1261
(0.0541)

01322

(0.0641)
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Variable Coefficient T-value p-value R-p value

IcT -6.256 -4.761 0.000™* 0.000"*
RE -3.821 -4.236 0.000** 0.000"**
Pop -8.267 -5.812 0.000*** 0.000***
T -3.671 -2.12 0450 0.004*

Note: **“and **depict the significance level at 1% and 5% level. In this paper we have
applied lag length in the spirit of (Westerland, 2007).
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360.228"*
210.118™
280.312**

Pesaran

-0361
-2.781
-1316

1.216

2,691

3781

4921

-10.278"

Breitung

-0612
-0.081
-0.786
0.921
-4.211*
-10.361*
-12.468"
-16.812*
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Tests

Pesaran CD

Frees (CDQ)

Breusch and Pagan (Chi2)
Frees (CD)

D¢

ion value

4.325 (0.041)"
3.736 (0.046)"*
6.820 (0.000)""
7.012 (0.000)**

Note: 4.325, 3.736, 6.820 and 7.012 are the recurring values of the tests, **“and

represent significance of the test at 1% and 5% level respectively.
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Variable

Information
Communication
Technology

Renewable Energy

Population

Trade
Environmental
Quality

Symbol

IcT

RE

Pop

EQ

Definition

Composite Index
of (ICT Good
Import, export,
Service Exports)
% of total final
energy
consumption
Population growth
(annual %)

Trade (% of GDP)
CO; emissions

References

(Nath and Liu,
2017; Al and
Haseeb, 2019)

Ullah etal. (2019)
(Zeeshan et al,
2021)

(Han etal., 2022)

(Han etal, 2022)
Ehigiamusoe
andLean, (2019)

Source

Wl

WDI

WDI

Wl
wol
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t-statistic Probability value

Augmented Dicky Fuller -2.401™ 0.008

& 1% significant level.
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Common AR Coefficients (Within-Dimension)

P.V-statistic
P.rho-statistic
P.PP-statistic
P.ADF-statistic
individual AR coefficient
Group rho-statistic
Group PP-statistic
Group ADF-statistic

& 1% significant level.

Statistic

-0.521
0.489
-0.222"
-0.692"

1.620
0.388"*
-0.256*

Weighted Statistic

-0.571
0.499
-0.289"
-0.640"*
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Explained variable (Patent)

Policy

Time

DID

Control variables
industry

Year

<0.05, *p < 0.1

Model 5

0.777" (3.04)
-0.543"* (-3.09)
Included
Included
Included

Model 6

0579 (2.59)
-0.206" (-1.69)
Included
Included
Included

Model 7

0385 (2.84
0.092 (0.83)
Included
Included
Included
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Explained variable

Policy

Time

DID

New environmental protection law
Water polution prevention law
Control variables

incustry

Year

ind

<0.01, *p < 0.05, *p < 0.1

Explained variable (Patent)

Explained variable (ROI)

Explained variable (Patent)

Explained variable (Patent)

Model 1

0.500"* (3.15)
-0.039 (-0.30)

Included
Included
Included

Model 2

0082 (4.21)
-0.035"* (-2.72)

Included
Included
Included

Model 3

0.649™* (2.55)
-0.208"* (-2.98)

Included
Included
Included
Included

Model 4

0.598"" (3.73)
-0.229" (-1.66)
Included
Included
Included
Included
Included





OPS/images/fenvs-10-930534/fenvs-10-930534-t003.jpg
Explained variable Regression results

Policy -
Time 0648 (4.24)
DID -0.207* (-2.97)
Debt 0.336™ (1.97)
Tobin's Q 0.005 (0.17)
ROA -1.218" (-2.32)
Cash -0.371 (-0.89)
ina -0.151 (-1.29)
GOP -0.381 (-1.17)
industry Included
Year Included

Note: **'p < 0.01, *'p < 0.05, p < O.1.
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Variable

Patent

Debt
Tobin's Q
ROA
Cash

Ina

GDP

Definition

The sample selected is the number of green patents granted to listed companies in the year + 1
taken as a logarithm

Enterprise debts with value in logarithm

Enterprise Tobin's Q value in logarithm

Enterprise retum of assets with value in logarithm

Enterprise cash holdings with value in logarithm

Enterprise intangible assets with value in logarithm

Gross regional product in logarithms

Average

0.8068

5.3778
2.0870
0.0398
0.1458
8.3501
8.1250

Standard
deviation

1.002

0.7791
1.4860
0.0704
0.1098
0.6768
1.7438

Minimum

0.000

3.2492
0.6924
-0.0143
0.0045
3.0081
2.0730

Maximum

4.4886

7.1850
14.3180
0.3687
0.6280
9.918 4
10.2008
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Variable name Variable symbol Variable description

Explained variable  Enterprise green innovation Patent  The sample selected is the number of green patents granted to listed companies in the year + 1
taken as a logarithm
Explanatory Policy DU If the area is included in TCZ, the corresponding value of the variable policy is 1, otherwise, it s 0
variables Time oT If the year is after 2017, the corresponding value of the variable time is 1, otherwise, it is 0
(Treat x After) DID Itis an interactive item of DU and D, which represents whether an enterprise s affected by the poiicy
at a certain time
Control variables  Enterprise credit evaluation Debt Enterprises’ debts with value in logarithm
Enterprise Tobin's Q value Tobin's  Enterprise Tobin's Q value in logarithm
Q
Enterprise asset utiization rate  ROA Enterprise return of assets with value in logarithm
Enterprise cash flow Cash Cash flow with value in logarithm
Enterprise intangible assets Ina Intangible assets with value in logarithm
Level of regional economic GDP Gross regional product in logarithms
development
Indlustry Industry  The dummy variables of industries that are set according to the 2012 industry ciassification standard

of China securities regulatory commission
Year Year The dummy variables of years
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Coefficients

Variables

Animal disease

Soils issues

Droughts

Flood

Crop pests

Storage water for irrigation
Potential hazards caused by
industry wastewater irrigation

‘Standardized
Coefficients

Beta

0.153
0.044
0.132
0.073
0.035
0.124
0.178

2.341
4.245
7.632
3.122
0.644
5.464
5.662

sig

0.003"
0.000**
0.000**
0.045"
0.000**
0.000"
0.000"

Dependent variable: agricultural communities’ adaptation strategies; significance levels:

0 < 0.10: **p < 0.05; **'p < 0.01.





OPS/images/fenvs-10-948016/fenvs-10-948016-t002.jpg
Features

Imigation (water use)

Industry wastewater cheaper fertiizer than conventional fertilizer

Potential hazards caused by industry wastewater (knowiedge)

Family members sufering from any disease?

Value

Fresh
Industry wastewater
Both

Yes

No

Increase crop production
Al of the above

Yes
No

Yes
No

Kasur District

Teh. Kasur (%)

20
60
20

70
30
10
61

45
55

18
82

Teh. Chunian (%)

15
65
20

60
40
15
65

70
30

9
91

Teh. Patoki (%)

25
65
10

55
45
10
50

25
75

15
85
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Features

Gender

Age (vears)

Education (years)

Family members

Farming experience (years)

Ploughing technique

Information bases

Awareness of climate change

Value

Male
Female

18-25
26-35
36-45
46 and above

0-5
6-10
11 and above

it
35
6-8
9 and above

15
6-10
11 and above

Tractor
Bullocks
Both

Social Media/TV
Friends

Own views

Do not know

Yes
No

Demographic Information

Livelihood Assets

Kasur %

83
17

10
40
25
25

10
7
19

16
27
32
25

30
46
26

80
16
4

22
60
10
8

60
40

Kasur District

Chunian %

70
30

12
39
18
31

8
24
68

4
28
44
24

28
60
12

100
0
0

16
70
1
3

75
25

Patoki %

85
15

8
42
19
31

5
45
50

4
30
46
19

29
72
20

55
45

Features

Tractor/plow

Bicycle

Motorbike

Tube well

Spraying device

Yes
Electric generator

Automobile

Yes
Air conditioner
Gas generator

Television (TV)

Yes
Livestock

Pests

Yes

Value

No
Yes

No
Yes
No
Yes

No
Yes
No

90
No
Yes
No

10
No
Yes

No
Yes
No

96
No
Yes
No

85

Number of respondents

(Total = 800)

Kasur %

84
16

25
75
35
65

25
75
10

86
100
0
90

14
100
0

99
1
4

99
0
100
15

100
280

Kasur District
Chunian %

55
45

19
81
55
45

35
65
14

45
92
8

98

100

350

Patoki %

60
40

12
88
45
56

70
30
65

97
3
100

85
15

92

®

100
20

170
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Moderation effect Coffecient STDEV T-statistics

EK- > EE -> B -0.022"® 0.025 0.91
EK->CV -> Bl -0.015"® 0.026 0577
EK- > FC -> Bl 0.008"° 0.028 0.304
EK-> Sl > Bl -0.125" 0.022 5.552
EK- > PE -> Bl -0076"* 0.023 3.334

Note: **Significant at p < 0.001, NS: not supported, BI: behavioral intention; FC:
faciltating conaltion; CV: cost value; SI: social influence; EE: effort expectancy; PE:
performance expaciancy: EK: envionmental knowledge: STDEV: standard deviation.
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Paths

CV -> Bl
EE -> Bl
EK -> BI
FC -> Bl
PE -> Bl
Sl -> Bl

Female sample

Male sample

Beta

0204
0223
0.052"
0,092
01417
0456

STDEV

0.048
0.036
0.04

0.043
0.034
0.041

T-value

4235
6.209
1.283
2118
4.183
11.199

Beta

0,167+
0175
0108
0.068"
016"
0478

STDEV

0.041
0.032
0.039
0.042
0.035
0.036

T-value

4115
5.437
2.624
1.591
4.64
13.34

Note: **Significant at p < 0.001, **Significant at p < 0.05, NS: not supported, BI:
behavioral intention; FC: faciltating condition; CV: cost value; St: social influence; EE:
effort expectancy; PE: performance expectancy; EK: environmental knowledge; STDEV:
T W
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Statistical Paths

CV -> Bl

EE > BI

EK -> Bl

FC-> Bl

PE -> BI

Sl -> Bl
Control Variables
Age- > BI
Education- > BI
R

Adjusted R

@

Beta

0182
0.202**
0.076**
0.083"*

0.15**
0.466"*

-0.025 N
0016 NS

Std. Dev

0.031
0.025
0.03
0.03
0.024
0.028

0.021
0.021
0.635
0.631
0.507

T-Value

5.856
7597
2660
2792
6.365
16.428

1.186
0.804

“*Significant at p < 0.001, **Significant at p < 0.05, NS: not supported. Bl: behavioral

intention; FC: faciltating condltion; CV: cost value;
axpectancy; PE: performance expectancy; EK: envionmental knowiedoe.






OPS/images/fenvs-10-955245/fenvs-10-955245-t004.jpg
BI

EE
EK
FC
PE
Sl

0.643
0.67
0.583
0.609
0.24
0.822

cv

0.493
0.682
0.735
0.185
0.506

EE

0.587
0.584
0.163
0.523

EK FC

0.763
0.127 0.149
0.431 047

PE

0.076

S
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BI

cv
EE
EK
FC
PE
Sl

Mean

494
491
446
523
502
432
468

STDEV

143
1.36
158
1.30
1.65
0.94
143

0.9
0.561
0.544
0.467
0.522
0216
0.667

0872
0.398
0533
0.622
0.157
0.394

0.743
0.423
0.461
0.126
0.386

EK

0.8
0.585
0.003
0.313

FC

0.808
0.125
0.365

PE

0.842
-0.012

sI

0.74

Note: Bold diagonal values are the square root of AVE. B: behavioral intention; FC: facilitating conaliion; CV: cost value; SI: social influence; EE: effort expectancy; PE: performance

axpectancy: BC: envionmenial knowledge; STDEV: standard deviation.
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Constructs ltems Loadings T Statistics VIF « CR AVE

Behavioral intention BI1 0.895"* 79.612 2277 0.882 0.927 0.809
B2 0.905"* 106.068 2.691
BI3 0.899" 82.221 2533

Facilitating Condition FC1 0.756"* 46.964 1.555 0.822 0.882 0.653
FC2 0.848" 65.102 2.005
FC3 0.835 81.658 2.228
FC4 0.789" 30.27 1.945

Cost Value V1 0.835 24.482 1.805 0.843 0.905 0.76
ov2 0.88™* 37.116 2192
cv3 0.899"* 55.289 2.145

Social influence st 0.726™* 39.007 1.389 0.727 0.829 0.548
si2 0717 47.324 1.371
Si3 0.754 48.688 1.399
sl4 0.762"* 39.997 1.325

Effort Expectancy EE1 o712 73.851 1.34 073 0.831 0.552
EE2 0.676™* 59.731 1.333
EE3 GIPe 40.657 1.546
EE4 0.808™* 48.198 1.691

Performance expectancy PE1 0.873" 45.404 2392 0.864 0.907 0.709
PE2 s -1 i 25.161 2.562
PE3 0.833"* 22511 2.321
PE4 0.783"* 34.595 1.83

Environmental Knowledge EK1 0.775™ 31.32 1.396 0.718 0.842 0.639
EK2 o0.812" 39.462 1.449
EK3 0.811* 48.654 1.385

Notes: a > 0.7: CR > 0.7: AVE > 0.5: VIF < 5; ***Significant at p < 0.001.
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Characteristics

Gender

Age

Education

Occupation

Residential Status

Range

Male
Female

18-25 Year

26-35 Year

36-45 Year

>45 Year

High School or Less
Bachelor

Master

Doctorate

Student

Gowt. Employee

Private Company Employee
Businessman/women/other
Lahore

Karachi
Islamabad/Rawalpindi
Faisalabad

Peshawar

Frequency

433
372
196
267
261
81
128
310
341
26
49
264
256
236
167
172
168
174
124
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Items Description

Collectivism (McCarty and Shrum (2001); Sharma (2010))

COL-1 T work hard for the goals of a group, even if it does not result in personal recognition
COL-2 Tam a cooperative participant in group activities

COL-3 Group members should stick together, even if they disagree

COL-4 The well-being of my group members is essential to me

COL-5 1 enjoy sharing items and spending time with my group members

Long-term orientation (Sharma (2010); Yoo et al. (2011))

LTO-1 Careful management of money is essential to me

LTO-2 1 do not give up easily, even if I fail in my firsta attempt
LTO-3 1 believe in planning for the long term

LTO-4 1 value personal steadiness and stability

LTO-5 T work hard for success in the future

LTO-6 1 don’t mind giving up today’s fun for success in the future

Ecological Concerns (Fontes et al. (2021))

EC-1 1 am extremely worried about the state of the world’s environment and what it will mean for future generations
EC-2 Mankind is severely abusing the environment

EC-3 When humans interface with nature, it often produces disastrous consequences

EC-4 The balance of nature is very delicate and easily upset.

EC-5 Humans must live in harmony with nature to survive

Environmental Attitude (McCarty and Shrum (2001))

EA-1 Environmental protection is essential to me when making purchases

EA-2 Environment-friendly products are essential to reduce environmental pollution

EA-3 Environment-friendly products are essential to save natural resources

EA-4 If I can choose between Environment friendly and conventional products, I prefer environment-friendly products

Perceived Consumer effectiveness (Kabaday: et al. (2015); Lee et al. (2014); Wesley et al. (2012))

PCE-1 1 feel T can help solve natural resource problems by conserving water and energy
PCE-2 Through my personal choices, I can contribute to the solution of environmental issues
PCE-3 T am concerned about the environment

PCE-4 What I purchase as a consumer affects the nation’s environmental problems

Green Purchase Intentions (Lu et al. (2015))
GPI-1 When I have a choice between two equal products, I purchase the one less harmful to other people and the environment
GPI-2 T have switched products for ecological reasons

GPI-3 1 make a special effort to buy paper and plastic products that are made from recycled materials

Factor loadings

0.705
0.801
0.776
0.789
0.776

0.735
0.790
0.831
0.814
0.872
0.628

0.786
0.836
0.715
0.714
0.742

0.842
0.892
0.907
0.847

0.838
0.881
0.876
0.684

0.864
0.871
0.876
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Projects

Environmental philosophy

Environmental objectives

Environmental management system
Environmental education and training
Special environmental action

Environmental incident response mechanism
Environmental honors or awards

The “three simultaneous” system

Key pollution monitoring units

Pollutant discharge compliance

Sudden environmental accidents
Environmental violations

Environmental petition cases

1S014001 certified or not

1SO 9001 certified or not

Disclosure of annual reports of listed companies
Social responsibility report disclosure
Environmental report disclosure
Environmental violation score

Description
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=0,No=1
Yes=1,No=0
Yes =0,No =1
Yes =0,No =1
Yes =0,No =1
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0
Yes=1,No=0

Yes=1,No=0
One point will be deducted for each environmental breach that occurs
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Mechanism variables (Score)

Policy
Time

DID

Control variables
industry

Year

Note: ***p < 0.01, *p < 0.05, 'p < 0.1

Model 8

004" (2.95)
~0.017* (~1.66)
Included
Included
Included
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model (14) model (15) model (10)

) @ @)
explained variable iee energ iee
weight matrix wo1 wot wot
agy -1.686" -0.163"* -1.850""

(-2.47) (-3.79) (-2.73
agg2 1.630" 0088 1.808"
-223 -3.81 -2.49
agg3 -0.445" -0.498"
(-1.87) (-2.11)
energ -0.640"*
(-2.80)
edu 0.098"** -0.007 0079™
-4.03 (-1.26) -3.29
indlus 0523 0028 0589
-3.46 -072 389
inpopul 0.185 0217 0.179
114 -4.01 -1.11
inregul -0.008 0.006" 0003
(-065) -1.99 (-0.26)
inpaten 0.060"** 0019 0041
-35 (-4.21) -23
spatial 0.780"* -0.003 0810
ho -18.22 (-0.02) -2055
lambda 1253 0.088 -1.243
(-19.57) 057 (-19.78)
variance 0,004 0.000* 0004
sigma2_e -13.06 -136 ~18.41
inflection point 1 0744 0926 0.741
inflection point 2 1.698 - 1.679
n 300 300 300
2 0527 0.404 0534
aic -737.86 -1,688.272 741,462
bic -697.118 -1,651.235 -697.017

Note 1: tstatistics in parentheses; *,  and *** represent the significant levels of 10%, 5%,
and 1%

Note 2: When testing the mediation effect, we first introduced the primary term, quadratic
term, and cubic term of “agg” into the spatial model, but found that the cubic term
coefficient was not significant, so they were removed, so Column (2) reports the
estimation results of the primary term and quadratic term.
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Model (10)

1) @ @
explained variable iee iee iee
weight matrix wot wo2 wo3
agg -1.859"" —2.122" -1.870"

273 (-2.92) (-250)
agg2 1.808" 2,049 1.623"
(2.49) (2.62) (2.03)
agg3 ~0.498" -0578" -0.403
2.11) (-2.24) (-152)
energ -0.640"* -0516" -0.755"
(-2.80) (-1.97) (-288)
edu 0079 0.089"* 0120
8.29) (3.36) (@.34)
indus 0.589"* 0.395" 0701
(3.89) 2.11) (4.14)
inpopul 0.179 0334 0.494"
(1.11) (1.75) (2.32)
inregul -0.003 -0.003 0.001
(-0.26) (-0.24) (0.04)
inpaten 0041+ 0039" 0041
230 (2.09) @.14)
Spatial 0810 0530 0.768"
ho (20.55) (7.95) (9.89)
lambda —1.243" -0644" -1.908"*
(-19.78) (-8.03) (-9.06)
Variance 0.004"* 0.005** 0005
sigma2_e (13.11) 9.59) (12.30)
inflection point 1 0.741 0.766 0.837
Inflection point 2 1.679 1.597 1.848
N 300 300.000 300.000
2 0534 0520 0550
aic ~741.462 ~676.690 -698.135
bic -607.017 -632.245 —-653.690

Note: t statistics in parentheses; *, **, and *** represent the significant levels of 10%, 5%,
and 1% respectively.
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Province

Beiing
Tianjin
Hebei
Shanxi
Inner Mongolia
Liaoning
Jiin
Heilongjiang
Shanghai
Jiangsu
Zhejang
Anhui
Fujian
Jiangxi
Shandong

Average industrial
aggregation

0.620
1.320
1.160
0.920
0.600
0.920
0.740
0.640
1.240
1.480
1.690
0.940
1.280
1.000
1.190

16
17
18
19
20
21
2
23
24
25
26
27
28
29
30

Province

Henan
Hubei
Hunan
Guangdong
Guangxi
Hainan
Chongaing
Sichuan
Guizhou
Yunnan
Shaarxi
Gansu
Qinghai
Ningia
Xinjang

Average industrial
aggregation

1.050
0.760
0.810
1.380
0.640
0.420
0.890
0.900
0510
0.450
0.660
0.540
0.790
0.630
0.520
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model (10)

™) @ ®) @
oLs Fix Effect SDM SAC
agg -2.937* -1.766* -1.907 1,859
(-359) (-1.90) (-2.26) (-273)
agg2 3.044 1507 1.635" 1.808"
(3.66) (1.51) (1.81) (2.49)
aggd -0.902" -0.3/64 -0.406 -0.498"
(-3.38) (-1.10) (-1.36) (-2.11)
energ 0.004 -0.870" -0.763" -0.640**
(0.02) (-2.52) (-2.43) (-2.80)
edu 0.141% 0,054 0.122" 0.079"
(7.75) (2.45) (3.94) (3.29)
indus 0.093 0.794" 0.718™" 0.589""
(0.44) (4.86) (3.46) (3.89)
inpopul 0.067"* 0618" 0.702 0.179
(4.51) (1.99 (2.48) (1.11)
inregul -0025 0.001 -0.003 -0.003
(-0.96) (0.04) (-0.20) (-0.26)
inpaten 0.052** -0.017 0.021 0.041*
(2.84) (-0.93) (0.83) (2.30)
_cons -0316 -2.982" - -
(-1.10) (-1.73) - -
Wx agg - - 0.099 -
- - (0.41) -
Spatial tho - - -0.113 0810
- - (-1.22) (20.55)
lambda - - - -1.243
- - - (-19.78)
Variance - - - -
sigma2_e - - 0.006" 0.004"**
- - (12.21) (13.11)
Inflection point 1 - - 0.754 0.741
Inflection point 2 - - 2154 1679
N 300.000 300.000 300.000 300.000
2 0713 0.134 0572 0.534
aic -156.961 -640.924 -670.051 ~741.462
bic -119.923 -603.886 -625606  -697.017

Note: t statistics in parentheses; *, **, and *** represent the significant levels of 10%, 5%,
and 1% respectively.
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Model (10) Model (14) Model (15)

U] @ ©®)
Test Statistic Statistic Statistic
Moran's | 18,973 13.806" 20.953"
LM test 148,953 149,073 362995
Spatial Error
Robust LM test 27.446"" 38.385"* 14.158"*
Spatial Error
LM Test 155.041** 456.881"* 165.041***
Spatial Lag
Robust LM Test 335347 107.044 3353
Spatial Lag
LR Test 16.81" 1352 17.18"
Spatial Error
LR Test 18.22" 14.69" A
Spatial Lag
WALD Test 16,61 13.35" 17.69"
Spatial Error
WALD Test 15.36" 12.19° 16.15"
Spatial Lag
BP test 480.24" 480.31" 1,005.46**
Hausman Test 17.51" 1163 19.75"
LR Test 17.34" 20.18" 13.52
individual Fixed
LR Test 461.49"" 456,51 806.05""

Time Fixed
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Variables

iee2009
iee2010
iee2011
iee2012
iee2013
iee2014
iee2015
iee2016
iee2017
iee2018

0182
0.190"
0,192
0,201
0.174*
0162
0.148"
0110*
0075*
0055"

Variables

agg2009
agg2010
agg2011
agg2012
agg2013
agg2014
agg2015
2gg2016
2gg2017
agg2018

o221
0.218™*
0.210"*
0.226*
0.199
0.206™*
0.200"*
0.196**
0.193***
0.204*

Variables

€nerg2009
energ2010
energ2011
energ2012
energ2013
energ2014
energ2015
energ2016
energ2017
energ2018

0147
0.144°
0.138*
0.163**
0.162*
0.164*
0.162"
0.152"*
0.169**
0.159™
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Variables

ee
agg
edu
indus
inpopul
energ
inregul
inpaten

Note:

* and *

)

1.000
0.551"
0.657"

=~Q.22q
0717
-0.485"*
-0.280"*
0.728"**

(agg)

1.000
0.187**
0.354
0.565"*

-0.301***
-0.317**
0.614*

(edu) (indus)
1.000

0458 1.000

0512+ -0.181"

0414 0,186
-0.022 0083

0638 0246

represent the significant levels of 10%, 5%, and 1% respectivaly.

(Inpopul)

1.000
-0.649**
-0.404**

0.652*

(energ)

1.000
0.448"*
-0.462"*

(inregul)

1.000
-0.275"*

(Inpaten)

1.000

VIF

3.620
3.560
2.930
2.390
2.230
1.990
1.500
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Variable

e
agy
energ
edu
indus.
Inpopul
inregul
inpaten

Obs

300
300
300
300
300
300
300
300

Mean

0.530
0.890
0.120
9.000
0.450
5.450
4.850
1.640

Std. Dev

0.340
0.330
0.080
0.940
0.080
1.280
0.490
1.110

Min

0.150
0.350
0.050
6.760
0.190
2.040
3.090
-0.760

Max

2340
1.750
0.420
12,680
0.590
8.250
6.050
4.050
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Province

Beiing
Guangdong
Tianjin
Jiangsu
Shanghai
Shandong
Zhejiang
Fujan

Jiin

Anhui
Henan
Hubei
Jiangxi
Hunan
Chongaing

IEE Mean

1.500
1.080
1.070
1.040
1.020
0910
0710
0.690
0510
0.500
0.500
0.500
0.500
0.480
0.460

Province

Liaoning
Hebei

Sichuan
Hainan
Guangxi
Shaarxi

Inner Mongolia
Hellongjiang
Gansu
Yunnan
Guizhou
Shami
Qinghai
Xinjiang
Ningxia

IEE Mean

0.430
0.400
0.400
0.390
0.380
0.320
0.290
0.280
0.250
0.240
0.240
0.230
0.220
0.200
0.190
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Types

explained variable

core explanatory
variable

control variables

Variable

industrial eco-
efficiency

industrial
agglomeration
energy intensity
human resources
industrialization level
population density

environmental
regulation
technical innovation

Description

calculated by super-efficiency DEA
calculated by location entropy method

the proportion of annual electricity consumption to GDP

average years of education of the population

the proportion of the added value of the secondary industry to GDP
people per square kilometer, take the natural log form

the share of total investment in environmental poliution control to GDP, take
the natural log form
patent applications granted per 10,000 peopl, take the natural log form

Unit

%
%

kwh/CNY
year

person
per km?
%

item

Symbol

iee

agg
energ
edu
ind
Inpopul
Inregul

Inpaten

Expected
Sign

o
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Indicators

Economic input

Environment
input

output

Name

Capital
Labor

Energy
Industrial
waste gas
Industrial
wastewater
Industrial waste
co,

Economic output

Description

the net value of fixed assets
the average annual number of
employees

total energy consumption
S0, emissions

cod emission

general industrial waste
GO, emission

industrial output

Data Source

China Statistical Yearbook
China Population & Employment Statistics
Yearbook

China Energy Statistical Yearbook

China Environmental Statistics Yearbook

China Environmental Statistics Yearbook

China Environmental Statistics Yearbook
China Emission Accounts and
Datasets?(CEADs)

China Industry Statistical Yearbook

Unit

100 milion CNY
10 thousand people

104 ton of standard coal equivalent (tce)
ton

10,000 tons

10,000 tons
mt

100 milion CNY

“Carbon Emission Accounts and Datasets (CEADS),itis multi-scale Carbon accounting inventories and socio-economic and trade databases for China and other developing economies,
which is supported by the National Natural Science Foundation of China, the International Cooperation Projict of the Ministry of Science and Technology, and the Research Council of the
United Kingdom. CEADs provides free carbon emission data sharing for academic research. https://www.ceads.net/
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Neural Network re [ FC EK SI cv

NN-1 050 047 021 022 100 028
NN-2 044 043 022 026 100 026
NN-3 040 061 027 017 100 029
NN-4 039 061 028 021 100 046
NN-5 044 040 020 013 100 016
NN-6 043 050 033 012 100 038
NN-7 032 049 027 022 100 027
NN-8 044 055 044 004 100 023
NN-9 044 049 020 012 100 027
NN-10 042 062 031 025 100 034
Average 0422 0517 0243 0475 1000 0293
importance

Normalized 42.18% 5170% 24.26% 17.52% 100% 29.30%
importance

FC: faciltating condition; CV: cost value; Si: social influence; EE: effort expectancy; PE:
performance expeciancy: EK: envinmental knowledge.
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Training Testing Total sample

N SSE RMSE N SSE RMSE

725 6.399  0.094 80 0.481 0.078 805
722 6.168 0.092 83 0.709 0.092 805
716 5.862 0.090 89 0.801 0.095 805
706 5.678 0.090 99 0.816 0.091 806
719 6.701 0.097 86 0.789 0.096 806
722 8.512 0.109 83 0.694 0.091 805
722 7.8 0.100 83 0.39 0.069 805
721 7.469 0.102 84 0.682 0.083 805
722 7.316 0.101 83 0.72 0.093 805
716 5.566 0.088 89 0.778 0.093 806

Mean 6.685 0.096 Mean 0.676 0.088
Std Dev  0.936 0.006 StdDev  0.145 0.009

g

Note. 1. R? = 1-RMSE/S?, where S is the variance of the test data’s desired output. 2. N
= number of samples, AMSE, rootmean square of errors. 3. FC: faciltating condltion; CV:
cost value; Si: social influence; EE: effort expectancy; PE: performance expectancy; EK:
environmental knowledge serve as the input neurons. 4. Behavioral intention served as
the outout neuron.
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Variable name

Outcome variable

Treatment
variable

Control variable
Natural capital

Material capital

Human capital

Social capital

Financial capital

Information
capital

Green technology adoption degree

Participation in cooperatives

Apple planting scale
Household Productive Materials
Household living materials

The number of laborers

Proportion of agricultural labor force
Family education level

The number of technical training
Gift expenditure

Existence of village officials in the
family

‘The number of relatives and friends
“Total household income

Apple income proportion

Credit difficulty

Communication expenditure
Sales price

Cognitive level

Net income
Input Costs

Risk expectations

Variable definition and assignment

Caleulated by coefficient of variation, unit: %.

Whether to participate in farmer cooperatives: 1 = yes; 0 = No.

Household apple planting area, unit: ha.

Present value of household productive materials, unit: USD 1000.

The number of household living materials, unit: Pieces.

‘The number of family laborers.

The proportion of agricultural labor force in the total labor force, unit: %.

Average years of education of family population.
Annual agricultural technology training times.
Annual gift expenditure amount, unit:USD 1000.

Whether there are village cadres in the family: yes =

The total number of relatives and friends.

Annual total household income, unit: USD 1000.

Apple income accounts for the proportion of household income, unit: %.

‘The difficulty of borrowing USD 7000 from banks: very easy = 1; easier

difficult = 5.

Household communication expenditure, unit:USD 100.

Average Apple Sales Price, unit: USD/kg.

; general = 3; more difficult = 4; very

Farmers” cognitive level of apple green production: completely unknown = 1; less knowledge = 2; must know =

3; more understanding = 4 very well known = 5.

Apple net income per ha (income per ha - input per ha), unit: USD 1000/ha.

Planting cost per ha, unit: USD 1000/ha.

‘The decision maker's anticipation judgment to Apple green production risk:no risk = 1; low risk = 2; moderate

risk =

: high risk = 4

; Maximum risk = 5.
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Variable name

Green technology adoption degree
Participation in cooperatives

Apple planting scale

Household Productive Materials
Household living materials

The number of laborers

Proportion of agricultural labor force
Family education level

The number of technical training

Gift expenditure

Existence of village officials in the family
The number of relatives and friends
Total household income

Apple income proportion

Credit difficulty

Communication expenditure

Sales price

Cognitive level

Net income

Input Costs

Risk expectations

Mean value of sample household features

Treatment group
N =108

29.43 (2431)
1.00 (0.00)
0.52 (0.28)
183 (2.00)
7.41 (1.90)
331 (1.01)
067 (0.24)
8.64 (221)
348 (235)
0.57 (0.86)
0.13 (0.34)
19.10 (27.28)
17.35 (7.81)
0.49 (0.25)
249 (1.18)
245 (1.13)
0.40 (0.45)
389 (3.76)
1107 (11.01)
628 (2.92)
2,60 (1.14)

Control group
N = 206

21.76 (14.8)
0.00 (0.00)
0.49 (0.30)
115 (1.25)
7.17 (2.22)
303 (1.21)
0.77 (0.25)
7.93 (2.50)
221 (247)
0.53 (0.44)
0.11 (0.31)
18.04 (16.78)
1437 (9.34)
0.58 (0.33)
297 (1.23)
231 (1.60)
0.30 (0.36)
295 (217)
9.55 (6.96)
586 (3.27)
3.16 (2.01)

Mean value difference

776
-003
~0.68°*
024
-0.28*
0.10°%%
-071%*
-127%
-0.04
-0.02
-1.06
-2.98"
0.09°*
048
-0.14
~0.10°*
-0.94**
-152%
-042**
056
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1-To-1 nearest

neighbor matching

Sig+

0.002
0.057
0.115
0.198
0299
0410
0522
0.624
0714
0.789
0.847

Sig—

0.023

0.008

0.002

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

1-To-3 nearest

neighbor matching

Sig+

0011
0.032
0071
0.132
0213
0310
0414
0518
0615
0.700
0773

Sig—

0011

0.003

<0.001
<0001
<0.001
<0.001
<0001
<0.001
<0.001
<0.001
<0.001

Caliper

matching (0.01)

Sig+

0.009
0.026
0.059
0.111
0.183
0.271
0.369
0.469
0.566
0.654
0730

Sig—

0.009

0.003

<0.001
<0001
<0.001
<0.001
<0001
<0.001
<0.001
<0001
<0.001

Kernel matching

Sig+

0019
0.049
0.101
0.178
0274
0.382
0492
0596
0.689
0767
0.829

Sig—

0019

0.006

0.002

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Variables ATT

1-To-1 nearest
neighbor matching

Sales price 0.142** (0.114)
Cognitive level 1034 (0.117)
Input Costs 1.178*** (0.083)
Net income 1829 (0.152)
Risk expectations —0.673** (0.078)
Balance test YES

Common support domain test YES

Treatment group 106

Control group 187

Total 293

1-To-3 nearest
neighbor matching

0.130%* (0.132)
0967 (0.132)
0.865*** (0.098)
1520 (0.127)
0563 (0.066)
YES
YES
106
194
300

o T————

Caliper matching (0.01)

0132 (0.097)
0927+ (0.115)
0924 (0.095)
1704 (0.117)
0581 (0.081)
YES
YES
106
185
291

Kernel matching

0134 (0.109)
0,988 (0.120)
1.076*** (0.106)
1781 (0.144)
0622 (0.087)
YES
YES
106
187
293
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Matching methods

Before matching

1-to-1 Nearest Neighbor Matching
1-to-3 nearest neighbor matching
Caliper matching (0.01)

Kernel matching

Pseudo R2

0.079
0023
0.011
0013
0.007

p-value

0.007
0964
1.000
0.098
1.000

Deviation of
mean value
(%)

19.1
7.6
39
53
38

Median deviation
(%)

17.7
72
38
35
34
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Matching methods

1-to-1 Nearest Neighbor Matching
1-t0-3 nearest neighbor matching
Caliper matching (0.01)

Kernel matching

Treatment
group mean (%)

3029
3029
3051
3029

Control
group mean (%)

2529
2327
2276
2314

ATT (%)

5.00
7.02
775
7.14

t-value

152
256
286
277
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Target layer

Green technology
adoption degree

First-grade indexes

Soil testing and formula
Fertilization technology

Organic fertilizer application

technology

Water and fertilizer integration
technology

Pest control technology
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Variable name

Apple planting scale
Houschold Productive Materials
Household living materials

Family education level

‘The number of laborers

Proportion of agricultural labour force
‘The number of technical training
Existence of village officials in the family
‘The number of relatives and friends

Ln (Gift expenditure)

Ln (Total household income)

Apple income proportion

Credit difficulty

Communication expenditure

Coetficient

-003
0.01*
-0.03
0.04
-0.10
-0.54
0.13%
0.09
-0.00
-0.05
021
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0.05
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nificant at the 10%, 5%, and 1% levels, respectively (-test).

Standard error

0.04
001
0.06
0.06
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0.80
0.05
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001
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032
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-075
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No Affnity pair  Frequency  Cumulative frequency
1 37 28 28
2 23 2 54
3 25 2 78
4 207 2 102
5 35 2 124
6 56 2 146
7 57 2 168
8 256 20 188
9 3-6 20 208
10 16 20 228
1 67 20 248
12 1-8 18 266
13 1-9 18 284
14 3-8 18 302
15 78 18 320
16 48 16 336
17 17 16 352
18 2-8 14 366
19 3-9 14 380
20 58 14 394
21 6-8 14 408
22 69 14 422
23 7-9 14 436
24 89 14 450
25 49 14 464
26 19 12 476
27 47 12 488
28 1-4 10 498
29 259 10 508
30 59 10 518
31 13 10 528
32 10 538
33 8 546
34 8 554
35 6 560
36 34 6 566
37 4-6 6 572
38 45 6 578
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Affinity name Determinant

The sustainable community water supply businesses primary driver
Everyone can share comments secondary driver
Easy contact secondary driver
Online operational support secondary driver
Always plan for improvement secondary driver
Various matters can be tracked secondary outcome
water user experience secondary outcome
water supply Quality primary outcome

Good quality of life and business support primary outcome
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Stakeholders

Relationship or business
relevance

Impact
of policy implications

Issues to the
relevant stakeholders and
IQA results

The approach to
the management of
sustainability

Personnel and staff
management

Employee and business
operation

Efficiency in work performance

Equal employment opportunity and
workplace safety IQA results:
Secondary Drivers, [2] Easy contact
and (3] Everyone can share
‘comments

Guidelines for employee and labor
‘management that consider human
rights and labor treatment fairly and
without discrimination, beginning
with the hiring process, pay, training,
and potential development
management, safety, occupational
health, and work environment, and
ending with the development of
employee engagement

Responsibility to
customers

Partner
management

Community and
social development

Customers who purchase
products and services

Supplier and material
distribution

People living in the area
surrounding the establishment

Income and sales

Provide quality raw materials at
competitive prices

The way of life for each member
of the community

Respectful Products and services for
consumer rights. QA results:
Secondary Drivers, [2] Easy contact,
(5] Online operational support,
Secondary Outcomes, [9] water user
experience

The reasonable purchase price and a
‘market price that is competitive IQA
results: Secondary Outcomes, [6]
Various matters can be tracked

Both the employment and the
general environment of the
‘communities are of utmost
importance. IQA results: Primary
Outcomes, [4] Good quality of life
and business support, (8] water
supply Quality

‘Taking into account the company’s
obligation to its consumers, the
product and service design procedure,
the purchase and transportation of
raw materials, the manufacture of
goods and services, and the
transportation of product and service
delivery should be evaluated. From
the point at which customers use a
product or service until the end of the
product’s life cycle, marketing and
sales are in effect

Sustainable supply chain
management by effective supply
chain management means
considering green procurement and
the possible growth of partners to be
able to expand sustainably jointly,
beginning with the selection of
business partners and continuing
through the monitoring of their
activities to ensure compliance with
the organization’s rules and
procedures

Management and the influence that
the company’s operations have on the
neighborhood and society around
them. Enabling communities and
organizations to become self-
sufficient in a manner that is long-
term and viable fosters the growth of
organizations and works to enhance
the quality of lfe of the people who
live there. In addition, it encourages
engagement in problem-solving
activities and the coexistence of
creative ideas

Regulators

Regulators and those who follow
up are required to adhere to the
policies that have been
established

Establish corporate governance
and business ethics policies
based on a set of principles and
best practices

People are not affected by the
functioning of a business and firms
can operate normally despite the
presence of people. IQA results:
Secondary Drivers, (1] Always plan
for improvement, Primary
Outcomes, (8] water supply Quality,
Primary Drivers, [7] The sustainable
community water supply businesses

Businesses have to have a method for
collecting and storing sustainability
performance data that can be utilized
to monitor and develop operating
results, as well as publish operating
results and engage with stakeholders.
‘The correctness of company
guidelines, measuring methodologies,
and data collection methods, as well
as how to collect information on a
regular basis, should be reviewed
frequently. This ensures that the data
is of high quality, dependability, and
consistency. Some businesses may
also necessitate further third-party
evaluation or information quality
assurance
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526
7.89
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FDI
pre6 0.1039
(1.0235)
pres 00103
(0.1036)
pred 00197
(0.1706)
pre3 0.0051
(0.0498)
pre2 ~0.0631
(-0.6755)
Current 0.1436
(09549)
Controls YES
Individual fixed effects YES
Year fixed effects YES
Processing Time*Group YES
N 2574

“, and *** indicate significant at the 10%, 5%, and 1% significance levels, and values in
parentheses are t-values.
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name variable descriptions mean

FDI The actual amount of foreign investment utilized by cities in the year (billion yuan) 38.2772
DID The civilized city = 1, the opposite = 0 0.1228
GDP GDP per capita (thousand dollars) 393723
GOVERN Local fiscal general budget expenditure (billion yuan) 237.4755
FINANCE Deposits with financial institutions/loans with financial institutions*100 171.8827
ASSET Real estate development investment/GDP*100 198.2338
APC Total retail sales of social consumer goods/total wages of employees *100 364.9411
QLAB Elementary school students number*6 + general secondary school students number*9 + general higher school students 22,4401
number*15

INDUSTRY Secondary industry value added as a proportion of GDP 49.1092
K/L Total investment in fixed assets/employees number in urban units (million yuan) 264302
DGREE Urban terrain undulation degree 3.9585
FISCAL_RATIOO07 ~ Ratio of local revenue to fiscal expenditure in 2007 2.9036

sd

753174
03282
29.1357
2188435
574814
348.4869
138.6743
04105

105

15472
53641
2.1995
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Parameter

G

Production cost of the product i, i = 1,2,3

¢ | Variable cost coefficient of the environmental quality
a Variable cost coefficient of the traditional quality
qu | Traditional quality of the product i, i = 1,2,3
qs | Environmental quality of the product i, i = 1,2,3
D; | Demand of the product i, i = 1,2,3
F. | Fixed cost coefficient of the traditional quality
F. | Fixed cost coefficient of the environmental quality
F, | Fixed cost of the product i, i = 1,2,3
v | Positive marginal valuations on the traditional quality
v | Positive marginal valuations on the environmental quality
s Subsidy for the consumer who purchases green product
s Subsidy coefficient
) g, Environmental quality’s lowest bound if the product could obtain subsidy
m | Profit function of manufacturer i

Decision variable

P

Price of the product i, i = 1,2,3
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Ngnificant at p < 0.001. **Significant at p < 0.05, NS: Not Supported.
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CUR
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0.757
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0.525
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0.451
0.128

PR s

0.871
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Note: EOU, ease of use; PR, Perceived risk: TR, Trust: CUR, Curiosity: SI, Social Influence; AEC, Awareness of e-commerce benefits; FC, Faciltating conditions.
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Constructs Items. Loadings T Statistics. VIF a CR AVE

Awareness of e-commerce benefits AEC1 0.750"* 34.040 1.503 0.785 0.861 0.607
AEC2 0.757"* 30.280 1.504
AEC3 0.809" 51.980 1.673
AEC4 0.79e" 58.320 1.660

Behavioural intention BIt 0.892** 78.530 2.260 0.882 0.927 0.808
B2 0.908"* 115.07 2.685
BI3 0.898** 83.740 2532

Curiosity CUR1 0922 174.60 2.730 0.951 0.965 0.872
CUR2 0.936" 208.67 2626
CUR3 0924 174.09 2.567
CUR4 0.954* 273.51 2.458

Ease of use EQU1 0.860"* 67.930 2.641 0.899 0.926 0.716
EOU2 0.878" 77.610 2935
EOU3 0.864" 64.220 2.808
EOU4 0.896" 113.41 2187
EOUS oy 33.250 1.608

Facilitating condition FC1 0.784" 37.300 2093 0.781 0.857 0.601
FC2 0730 27.280 1.927
FC3 0.755" 30.330 1.485
FC4 0.826" 656.870 1.665

Perceived risk PR1 0.834" 46.370 1.796 0.842 0.904 0.759
PR2 0.881" 64.030 2,196
PR3 0.899" 82.530 2143

Social influence s 0.895" 119.79 2.980 0.928 0.949 0.823
Si2 0.918™ 135.79 2638
SI8 0.916"™ 156.84 2418
Sl4 0.899" 116.84 2301

Trust TR1 0.870" 45.500 2.356 0.863 0.906 0.707
TR2 0.875™ 41.430 2519
TR3 0.828"* 23.570 2293
TR4 0.787** 21.930 1.832

R > 0.7: AVE > 0.5: VIF < 5.

Nonificant at p < 0,001
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Yes

No
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26
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289
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672
124

Percentage (%)
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10.2
156
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33
15.4
36.3
225
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16.3
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First-level indicators

Industrial Internet popularization

Industrial Internet infrastructure

Industrial Internet resource allocation

Industrial Internet business
applications

Industrial Intenet consumption level

‘Second-level indicator

Internet Penetration rate (%)

Total number of Internet users (ten thousand)
Number of mobile phone users (ten thousand
households)

Proportion of IPv4 Addresses (%)
Number of Domain names (Per 10,000)
Long-distance optical cable Line Length (km)

Number of industrial Internet Access ports (10,000)

Total number of Websites (number)

Total Web pages (10,000)

Average number of bytes per web page (KB)
Information transmission, computer services, and
software

Number of Employees (ten thousand)
Total express business (ten thousand pieces)

Post and telecommunications revenue (100 million YUAN)

Per capita GDP (yuan)

Per capita disposable income of Urban residents (YUAN)

Provincial industrial Internet popularity
Inter-provincial industrial Internet service demand capacity
Inter-provincial mobile industry Internet popularization

1P address resource allocation between provinces
Inter-provincial domain name resource configuration
Investment and construction of inter-provincial optical fioer
infrastructure

Construction level of inter-provincial industrial Intemet access
equipment

Construction of inter-provincial industrial Internet information platform
Provincial industrial Internet information resources-rich degree
Inter-provincial industrial Internet information resource allocation level
Provincial industrial Internet human resources support

Provincial oniine shopping industry development level
Level of inter-provincial information and communication application

The capacity of inter-provincial industrial Internet construction
Industrial Interet consumption abilty to pay
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East Gentral West
First threshold value 0.4463 0.4366 0.3789
Second threshold value 0.7399 0.6762
provint_1 4997 1.3337 14117
(0.8285) (1.2817) (0.6672)
provint_2 56215 2.6266" 2.3088"
(0.5052) (1.096) (0.5240)
provint_3 4914 1.9131%
(0.458) (0.9696)
Constant 32038 23119™ 1.9937"*
(1.0316) (0.3688) (0.5534)
Observations 143 104 143
R-squared 0.9464 09357 0.9291
“Note: ***, **and * are significant at the level of 1, 5, and 10%, respectively. The numbers

in brackets of regression results are robust standard error. Provint_1 to provint_3 are the
estimated coeffcients of industrial Intemet variables in different threshold intervas.

Repeated sampling times were 300 times using the bootstrap method. The regression
resulls of control variables were omitted due to space problems.”
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Threshold variable Industrial Interet development  Proportion of Intermet  Level of intellectual property Ratio of R&D Degree of market
environment users protection personnel 'segmentation
First threshold value 0.4467 20.9393 4.0805 1.4388 0.0001
Second threshold 0.7340 30.3636
value
provint_1 2.6833 0.5368 2.8032** 2.0668"* 268611
(0.5232) (0.5188) (0.5023) (0.4953) (0.4807)
provint_2 3.4977* 1.295 2.2920" 2.8299** 2.435038"*
(0.4221) (0.4632) (0.5020) (0.4194) (0.4899)
provint_3 2.9486™ 1.879"
(0.4053) (0.4290)
Constant 2.3607* 2.8415"* 0.8700 1.9353"* 1.8640"*
(0.5197) (0.5634) 0.5878) (0.4299) (0.5241)
Observations 390 390 390 390 390
R-squared 0.9167 0.9007 0.8989 0.8936 0.8905

“Note: **", **and * are significant at the level of 1, 5, and 10% respectively. The numbers in brackets of regression resuts are robust standard error. Provint_1 to provint_3 are the estimated
coefficients of industréal Intemnet variables in different threshold intervals. Repeated sampling times were 300 times using the bootstrap method. The regression results of control variables
were omitted due to space problems.”
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Threshold Industrial Intemet development  Proportion of Intenet  Level of intellectual property Ratio of R&D
variable environment users protection personnel
Single threshold 101.30" 36.18" 5382 27.44"
Double 3326 2021 1644 12.24
threshold

Triple threshold 19.64 534 1043 888

“Note: The test results of threshold modiel show F value, which is obtained by repeated sampling 300 imes with bootstrap method
and * are significant at the level of 1, 5, and 10%, respeciively. The numbers i the brackets of regression results are robust standard emmor.™

©)

Degree of market
segmentation
19.52*

3.00

268
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Variables Overall East Gentral West
Inpatent Inpatent Lnpatent Inpatent
provint 2726 3.798" 2.089" 1.538"
(0.486) 0.610) (1.072) (0.730)
urban 9332 7.670"" 8283 14.42
(1.411) (1.715) (4.959) (3.340)
rdad 0449 0297 1,383 -0.424
(0.137) (0.101) (0.328) (0.265)
gov 3.102+ 5501 12.05" 1.366
(1.495) 0.973) (3.345) (2.036)
fin -0.0116 -0.0223" -0.0325 -0.00125
(0.00893) (0.00804) (0.0187) (0.0148)
i -0.214" -0.368"* -0.448 -0.143
(0.0956) (0.0810) 0.303) 0.101)
market 00542 0.0750 0.00699 -0.0972
(0.0651) (0.0825) ©0.175) (0.0782)
Fixed effect Yes Yes Yes Yes
Constant 1671 2.999" 2634 1.243"
(0539) (1.029) (0.945) (0.354)
Observations 390 143 104 143
R-squared 0.886 0910 0901 0.907

“Note: ***, , and * are significant at the level of 1, 5, and 10%, respectively. The numbers
in brackets of regression results are robust standard error.”
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Variable name Mean Standard deviation Minimum Maximum Sample size

inpatent 8.424 1.652 4.394 11.89 390
provint 0.589 0.142 03 0.876 390
urban 0.541 0.136 0.299 0.893 390
rdad 1.47 1.066 0.28 5.96 390
gov 0.225 0.0962 0.0926 0.585 390
fin 23.14 15.02 1.897 7123 390
fdi 6.193 1.407 3.189 9.176 390
market 6.205 1.79 233 10.46 390
intpjl 39.06 ATTT 3.848 77.99 390
ipr 2291 1.329 0.146 5.518 390
rdperson 3.167 1.395 1.138 7.7029 390

good_seg 0.00018 0.00018 0.00002 0.0018 390
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Category Name Symbol Definition
Explained variable  Innovation output Inpatent  The number of patent applications by provincial and municipal industrial enterprisesis taken as a
natural logarithm
Explanatory Industrial internet development provint  Provincial and municipal industrial Internet development environment composite index
variables environment
Control variables  Level of urbanization urban Proportion of urban population to total population at year-end
R8D investment intensity rdad R8D spending as a percentage of GDP
Government support gov Fiscal expenditure as a percentage of GDP
Level of financial development fin Proportion of total foreign investment in GDP
Foreign direct investment i Proportion of total foreign investrment in GDP
Market level market  Market index
Threshold variable  Industrial Internet development provint  Provincial and municipal industrial Internet development environment composite index
environment
Proportion of Intemnet users intpjl Proportion of regional Internet users in total population
Level of intellectual property ipr The comprehensive index of intellectual property protection levels of each province and city
protection
Ratio of R&D personnel rdperson  Proportion of R&D personnel in industrial enterprises above the designated size of industrial
employees
Degree of market segmentation good_seg  Consumer market segmentation index based on the variance of relative price changes of

consumer price index
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First-level indicators Second-level indicators Index selection

National nominal intensity protection (GPY)  National legal system and property rights protection level  The Fraser Institute's LSPR index

Regional actual intensity protection () Regional differences in law enforcement efficiency The settlement rate of patent infringement cases
The level of social legalization Provincial lawyers account for the total population of the region
Regional demand for intellectual property protection Number of patent fiings per capita

Personal awareness of intellectual property protection  The average number of years of education in each province
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(4]

Phase One

VARIABLES provint
provint1 0351

(0.0738)
provint2 0.309"*

(0.0695)
provint
Constant -0.3468"

(0.0867)
Control Variables Yes
Fixed Variable Yes
Observations 330
R-squared 0904

@

Phase Two (25LS)
Inpatent

37441
(0.6295)
1.225
(0.8697)
Yes
Yes
330
0.8428

©®

Phase Three (GMM)
Inpatent

3749
(0.6287)
1.235
(0.868)
Yes
Yes
330
0.832

“Note: ***, **and * are significant at the level of 1, 5, and 10%, respectively. The numbers
in brackets of regression results are robust standard error.”
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Overall East Central West
VARIABLES Inpatent Inpatent Inpatent Inpatent
provint 2474 3335+ 2.020* 1.524°"

(0.448) (1.053) (0.940) (0.603)
Constant 0.998" 2935 00606 0783

(0.579) (1.308) (1.886) (0.493)
Control variables Yes Yes Yes Yes
Fixed Effect Yes Yes Yes Yes
Observations 270 99 72 %9
R-squared 0.851 0.877 0824 0.893
“Note: **, ** and * are significant at the level of 1, 5, and 10% respectively. The numbers in

brackets of regression results are robust standard error.”
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Variables Lrd Lnpatent  Lnpatent  Lnpatent
Provint 16147
(0.460)
intpil 00327
(0.00488)
aqyweb 000532+
(0.00234)
fiabtio 0556
(0.154)
Constant 8.250™ 2995 00160 00186
0.350) (0.682) (0.430) (0.427)
Control variables Yes Yes Yes Yes
Fixed Effect Yes Yes Yes Yes
Observations 390 390 390 390
R-squared 0929 0901 0874 0877

“Note: ***, *, and * are significant at the level of 1, 5, and 10%, respectively. The numbers
in brackets of regression results are robust standard error.”
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Hypothesized relationships Structural path Beta Relationship VINF R* Q
HI ENA — ASPS 03447 Confirmed 2104 0237 0.780 0.368
H2 ENR — ASPS 0.384° Confirmed 2574 0265

H3 EUS — ASPS 0.521% Confirmed 3375 0359

H4 CRS — ASPS 0.481% Confirmed 2382 0331

H5 ATS — ASPS 0.031 Not confirmed 3674 0021

He CTS — ASPS -0.624* Confirmed 3275 0430

H7 CMP — ASPS -0.456* Confirmed 3281 0314

HS SZB - ASPS 0.579" Confirmed 3018 0399

HY ERA — ASPS 0,402+ Confirmed 2184 0277

Note 1: “prob. < 0.10, **prob. < 0.05, ***prob. < 0.01. CTS: perceived SET's price, SZB: size of the business, EUS: ease of using SPS, CRS: credibility of SPS, CMP: competitors’ pressure, ERA:
sl Attt TN wvrnisent il relafive advaiien; ENA: wivirod st sl accountabilin. ATS wbisnce ol tachinicl skills.
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Constructs ERA ENR EUS CRS ATS CIS CMP SZB ERA ASPS
ENA 0.827

ENR 0627 0772

EUS 0502 0.601 0.859

CRS 0.669 0.264 0494 0.778

ATS 0710 0.584 0502 0.438 0.792

CTS 0473 0294 0573 0510 0473 0.859

CMP 0410 0573 0483 0.489 0.491 0.781 0.801

SZB 0482 0590 0301 0.573 0.619 0.601 0.628 0.874

ERA 0610 0584 0574 0.563 0.382 0.429 0.401 0.502 0.883

ASPS 0592 0526 0510 0.410 0437 0.565 0522 0711 0.384 0810

Note: CTS: perceived SET’s price, SZB: size of the business, EUS: ease of using SPS, CRS: credibility of SPS, CMP: competitors’ pressure, ERA: environment-related attitude, ENR:

environment-related relative advantages, ENA: environment-related accountability, ATS: absence of technical skills.
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Constructs/items  Outer loadings

Environment-related accountability (ENA)

ENA1 0.762
ENA2 0716
ENA3 0.795
ENA4 0767

Environment-related relative advantages (ENR)

ENRI 0747
ENR2 0.748
ENR3 0.801
ENR4 0793

Ease of using SPS (EUS)

EUS1 0.783
EUS2 0727
EUS3 0.758
Credibility of SPS (CRS)
CRS1 0793
CRS2 0.729
CRS3 0.732
CRs4 0784

Absence of technical skills (ATS)
ATS1 0.801
ATS2 0.795
ATS3 0.775

Cost of the SPS (CTS)

CTs1 0717
cTs2 0741
CTS3 0773
Competitors’ pressure (CMP)
cmPL 0755
CMP2 0.740
CMP3 0715
CMP4 0747

Size of the business (SZB)

SZB1 0790
SzB2 0756
SZB3 0798
Environment-related attitude (ERA)
ERAL 0786
ERA2 0.743
ERA3 0734
ERA4 0727
Acceptance of SPS (ASPS)
ASPSL 0775
ASPS2 0805
ASPS3 0812
ASPS4 0.836

ASPS5 0794

CR

0.876

0.881

0.824

0.820

0.855

0.891

0.876

0.854

0.865

0.899

CRBA

0.848

0.837

0813

0799

0823

0.834

0825

0814

0.827

0.867

AVE

0.810

0.827

0.802

0.797

0.808

0.817

0.801

0.790

0.803

0.832
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No.

Administrative area

The whole province
Nanchang
Jivjiang
Jingdezhen
Pingxiang
Xinyu
Yingtan
Ganzhou
Yichun
Shangrao
Jian
Fuzhou

Ganjiang New Area

Main operating income
in 2023 (100 million
‘yuan)

2000
40
50
5
15
300
10
300
400
600
200
40
40





OPS/images/fenvs-10-986385/fenvs-10-986385-t004.jpg
Primary indicator

High-quality new energy development

Secondary indictor

Development
Utilization
Operation safety
Policy mechanism

Technical affordability

Content

New energy penetration rate, proportions of electricity and electric quality in power generation
Capacity factor, utilization rate of new energy power generation, weight of consumption responsibility
New energy power penetration rate, electric quantity regulation index, peak factor

Current policy improvement index, participation in new energy power plant construction

New energy power generation index
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Government-enterprise

(action, punishment)
(action, no punishment)
(inaction, punishment)
(i

inaction, no punishment)

Low-carbon innovation Non-low-carbon innovation
(P+AP+f~N-AN-C,Q+AQ+N+AN-1-Al-f) (P+f-N-CQ+N-I-f)
(P+AP~N-AN,Q+AQ+N + AN -1 -Al) (P-N,Q+N-1)
(P+AP+f-N-C,Q+AQ+N-I1-AI-f) (P+f-N-CQ+N-I-f)

(P+AP-N,Q+AQ+N -1-AI) (P-N,Q+N-1
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Year

2016
2017
2018
2019
2020

Total energy consumption
(10%tce)

8971.89
9285.69
9666.16
9808.58
8971.89

Proportion of each type of consumption in total energy

consumption (%)

oil

17.60
18.13
18.54
18.67
16.92

Non-fossil energy

136
130
124
136
16.46

Coal

65.32
64.39
6438
6243
6286

Natural gas

3.05
3.10
3.46
3.43
376

Energy consumption per
unit of GDP

(tce*(10,000 yuan) ™)

049
046
044
0.42
039
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Variable

Gs

MS

L

v

N

LR chi?
Pseudo A
Log
ikelihood

Below scale

Above scale Low altitude High altitude
Select Result Select Result Select Result Select Result
equation equation equation equation equation equation equation equation
0142 (0.130)  0.043'(0.026) -0.024(0.263 ~ 0028(0056)  0023(0.179)  0058(0.035)  0.315" (0.150)  0.043 (0.081)
0314'(0.185)  0.081"(0.036) ~ 0558'(0.289)  0.138" (0.062) ~ 0.251(0.245)  0.024 (0.051)  0.479" (0.196) ~ 0.133"* (0.039)
0102 (0.049)  0.014'(0008) ~ 0046 (0.058)  -0.001 (0.000)  0016(0.062 0011 (0.011)  0075(0.052)  ~0.001" (0.000)
Yes Yes Yes Yes Yes Yes Yes
665 665 153 153 375 - 443
9853 —— 41.60 — 37.18 — 45.28
0115 - 0.205 —_— 0.083 —_— 0075
-380.196 ] -80.732 ] -192.561 ] -281.245 e
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Category Path Mediating effect Sobel test Bootstrap test Proportion of

coefficient salience (2z-value) confidence interval the mediation
effect/%
Low-risk perception MS—BS—GPB 0047 (0.018) z:2519 0.005,0.089] 18.15
High-risk perception MS—BS—GPB 0.016 (0.014) z 1128 [-0.013,0.047) 12,05
Low-risk perception MS—SR-GPB 0027 (0.013) z:2017 0.002,0.053] 12.71
High-risk perception MS—SR-GPB 0.007 (0.006) z 1077 [-0.006,0.020] 599
Low-risk perception MS—RB-GPB 0.036™ (0.015) 7:2.342 [0.007,0.065] 17.07

High-risk perception MS—RB-GPB 0.014 (0.009) 71584 [-0.004,0.033) 12,02
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Category

Low-risk perception
High-risk perception
Low-risk perception
High-risk perception
Low-risk perception
High-risk perception

Path

GS—BS—GPB
GS—BS—GPB
GS—-SR-GPB
GS—SR—GPB
GS—RB-GPB
GS—RB—-GPB

Mediating effect
coefficient salience

0.032" (0.013)
0010 (0.007)
0.021* (0.011)
0.009 (0.006)
0.024** (0.011)
0,010 (0.006)

Sobel test
(Z value)

Z:2.485
Z:1.299
Z:1.963
Z:1.507
zZ:2.142
Z:1.561

Bootstrap confidence
interval

0.005,0.060]
[-0.005,0.026]
0.002,0.052]
[-0.002,0.021]
0.002,0.047)
[-0.003,0.024]

Proportion of
the mediation
effect/%

21.42
13.70
17.73
1511
20.71
16.69
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Path I: impact
of
RM on MV

GS—-BS

GS—-SR

GS—-RB

MS—BS
MS—SR

MS—RB

IL—BS

IL—SR

IL—RB

The standard errors are in brackets, and the estimation results of the other control variables are omitted.

Coefficient

0.346"(0.065)
0.183" (0.076)
0.082" (0.038)

0.502'4(0.087)
0.263" (0.101)

0.160" (0.051)
0.006*4(0.001)
0.001 (0.001)

0.000 (0.001)

Path II:
influence
of MV on

GPB

BS—-GPB

SR-GPB

RB-GPB

BS—GPB
SR-GPB

RB-GPB

BS—GPB

SR— GPB

RB-GPB

Coefficient

0035
©0.017)
0044
(0.015)
0095
(0.029)

0.033* (0.017)
0043
0.014)
0091
(0.030)
0043
0.017)

0.048"
(0.015)
0.102*
(0.030)

Mediating effect
coefficient

0.012* (0.006)
0.008" (0.004)
0.007* (0.004)

0.016* (0.009)
0011 (0.005)

0014 (0.006)
0.001** (0.000)
0.000 (0.000)

0.000 (0.000)

Sobel test
(z-value)

Z:1.878
Z:1.874
z:1.778

Z:1.809
Z:1.938

Z:2.180
Z 2000
Z:0551

Z:0.188

Bootstrap confidence
interval

0.002,0.033]
0.007,0.036]
0.004,0.032]

0.001,0.056]
0.005,0.041)

0.007,0.044]
[-0.005,0.006]
[-0.002,0.002)

[-0.001,0.001]

Proportion of the
mediation
effect/%
1078
7.29

6.91

10.30
5.95

8.92

4434

6.12

217
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Variable Select equation

Coefficient
GS 0214
MS 0.402"
L 0.085™
AG -0.005
EL -0.020
EC 0010
BS 0026
AL -0.000
FT 0.243"
RP 0053
bW 0571
0s 25560
NE 0.130"
cP 0.185
sX 0.897"
sC 0.756"
AH 0.725"
Constant term -2.243
Mils
N
Wald chi®

wsx, w5 and = are significant at the 1, 5, and 10% levels, respectively.

Standard error

0.125
0.161
0.040
0.0068
0.016
0.005
0.070
0.000
0.144
0.034
0.260
0.235
0.063
0.196
0.230
0.261
0.215
0.545

Result equation

Coefficient

0.039
0.035
-0.001*
-0.001
0.001
-0.000
0.046™
-0.000"
0.000
-0.004
0.085
0.003
0.093*
-0.172*
-0.137
-0015
0.736"
-0.094"* (0.029)
964
62.77

Standard error

0.034
0.041
0.000
0.002
0.005
0.001
0.020
0.000
0.040
0.010
0.063
0.015
0.063
0.084
0.088
0.084
0.166





OPS/images/fenvs-10-946855/fenvs-10-946855-t001.jpg
Variable
Green production behavior

Government subsidies
Mermbership

income level

Business scale

Sense of responsivilty
Responsible for behavior
Age

Educational level
Alitude

Family type

Experience capital

Risk perception
Domestic worker
Organic fertiizer source
Neighborhood effect
Community outreach
Shaani

Sichuan

Anhui

Symbol
GPB

GS
mB
L
BS
SR
RB
AG
EL
AL
T
EC
RP
ow
os
NE
CcP
8X
sC
AH

Definition and assignment

Whether to use organic fertiizer: Yes = 1; No = 0
Percentage of organic fertiizer application per unit area (%)

Yes

No

Per capita annual household income/(RMB 10,000/persor)

Business scale/mu
Concerned about the safety risks of tea caused by excessive application of chemical fertiizers: 1-5
Whether to persuade others to adopt green production technology: Yes = 1 No = 0

Household head age/year

Education level of the head of household/year
Altitude/m
Whether the family is purely farming: Yes = 1; No = 0

Experience capital/Year
The proportion of yield reduction that may result from the reduction of fertiizer appication: 1-5
Ave there employees in the fertization process: Yes
Is there a source of organic fertiizer at home: Yes =

;No=0
iNo=0

Whether the surrounding farmers have green production: 1-5

Does the community publicize green production technology: Yes = 1; No = 0

Yes=1;No=0

Yes
Yes

No
: No

Mean

0.353
0.167
0.256
0.123
2.461
8.815
3.462
0.445
58.206
6.116
434.198
0.179
24.339
4.337
0.047
0.142
3.298
0.069
0.3556
0.253
0.238

Std. dev

0478
0278
0.437
0329
22759
42637
1.001
0.497
10.224
3512
263.170
0.384
12.587
1.606
0213
0.349
1125
0.255
0479
0435
0426
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Properties

Industry distribution

Geographical area
distribution

Type

Printing and dyeing
Paper making

Tanning

Chemical

Rubber

Smelting and casting
MSG manufacturing
Natural gas extraction
Additive manufacturing

Manufacture of starch
products

Woolen processing
Silk recling processing
Plywood manufacturing
Fiberboard manufacturing
Furniture manufacturing
Feed processing

Other industries

Eastern China

South Central Region
Northern China
Northwest Territories
South West

Northeast China

South East

Sample

size

20
16
16
60
24
40
16
12
20
24

24
20
16
16
16
20
40
64
56
76
52
52
40
60

Share % Properties

ENRUR

[P Y

16
14
19
13
13
10
15

Staff size distribution

Established time distribution
(years)

Profits distribution

Fixed assets distribution

Type

1-200
201-400
401-600
601-800
801-1,000
>1,000
1-2

3-4

5-6

7-8

9-10
>10
<IM
1-2M
2-3M
3-4M
4-5M
>5M
<10 M
10-20 M
20-30 M
30-40 M
40-50 M
>50 M

Sample

size

64
88
96
56
48
40
64
68
88
72

60
48
76
92
80
64
56
32
88
96

60
44
36

Share %

18
2
24
14
12
10
16
17
2
18

15
12
19
23
20
16
14

2
24
19
15
1
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Relationship Std.  Std.  T-value p-value 2.50% 97.50% Decision R Q
beta error
HI  Competitive Pressure —USE of E-Commerce ~ -0.012 0051 0232 0.408 -0157 0041 Not supported 0586 0.000  0.336
H2  Govemment Support — USE of E-Commerce 0095 0052 1848 0033 0015 0154 Supported 0334 0013 0229
H3  Relative advantage — USE of E-Commerce  0.545 0036 15005 0.000 0487 0604 Supported 0441
H4  Technology Red_—USE of E-Commerce 0138 0054 2570 0.005 0063 0220 Supported 0.020
H5  USE of E-Commerce—Firm Performance 0766 0021 36541 0.000 0730 0798 Supported 0416
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2
3
4

Relationship

Competitive Pressure — USE of E-Commerce — Firm Performance
Government Support — USE of E-Commerce — Firm Performance
Relative advantage—USE of E-Commerce — Firm Performance

Technology Readiness —USE of E-Commerce—> Firm Performance

Std.
beta

-0.009
0073
0417
0.106

Std.
error

0.038
0.042
0.033
0.040

T-value

0243
1718
12.784
2671

p-value

0404
0.043
0.000
0.004

2.50%

-0.089
~0.070
0369
0045

97.50%

0.039
0.121
0475
0.170

Decision

Not-supported
Supported
Supported
Supported
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Competitive
pressure

Firm
Performance

Government
support
Relative
advantage

Technology
readiness

Use of
e-commerce

Competitive
pressure

0.155
0253

0.142
0.641

0.129

Firm
performance

0.167
0.574
0.147

0.828

Government
support

0.084
0.193

0.124

Relative
advantage

0.079

0.644

Technology
readiness

0.155

Use of e-commerce
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Competitive Firm Government Relative Tech- Use of e-commerce
pressure performance support advantage readiness

Competitive 0717

pressure

Firm performance  0.139 0.770

Government 0228 0.168 0.767

support

Relative advantage  0.091 0477 0060 0784

Tech-readiness 0545 0.139 -0.013 0042 0.811

Use of 0135 0766 0123 0555 0.153 0.843

e-commerce

Bold values show the higher value.
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Construct Item Cross-loading Cr Ave
Competitive pressure  CP1 0865 0862 0514
cp2 0720
CP3 0.587
CP4 0.650
cps 0703
CP6 0.745
Government support  GS1 0741 085 0.589
Gs2 0891
Gs3 0732
Gs4 069
Relative advantage RA2 0765 0864 0614
RA3 0838
RA4 0.807
Technology readiness TR1 0.695 085 0.658
TR4 0769
TR6 0.949
Use of e-commerce UEC1 0.860 0924 0.711
UEC2 0893
UEC3 0.901
UEC4 0.840
UEC6 0706
Firm performance FP1 0720 0896 0593
FP2 0860
FP3 0870
FP4 0.642
FP5 0.846
FP6 0645





OPS/images/fenvs-10-960095/fenvs-10-960095-t003.jpg
Item Competitive Firm Government Relative Technology red_  Use of e-commerce

pressure performance support advantage
CPI 0865 0153 0221 0.103 0486 0129
CP2 0720 0.074 0.099 0.163 0316 0119
CP3 0587 0.031 0.042 0.027 0213 0013
CP4 0650 0.042 0.136 0065 0422 0059
CP5 0703 0073 0129 0029 0379 0045
CP6 0745 0.139 0248 ~0032 0452 0.106
FPI 0152 0720 0075 0393 0.138 0541
FP2 0136 0.860 0.165 0370 0.137 0710
FP3 0119 0870 0.169 0411 0.135 0707
FP4 0003 0.642 0128 0371 0015 0388
FP5 0.145 0.846 0.118 0.297 0.142 0.658
FP6 0039 0.645 0114 0424 0,020 0433
GSI 0160 0.061 0.741 0039 -0.031 0067
G2 0107 0193 0.891 0067 -0.082 0138
Gs3 0363 0113 0732 0.029 0.144 0078
Gs4 0084 0.064 0,69 0017 -0.055 0019
RA2 0168 0248 -0.005 0765 0,094 0310
RA3 0049 0.493 0.081 0.838 0015 0492
RA4 0077 0.401 0010 0.807 0,040 0452
TRI 0355 0.083 -0.156 0.004 0.695 0072
TR4 0383 0.043 ~0.068 0.007 0769 0,068
TR6 0540 0.161 0.069 0.060 0949 0178
UEL 0101 0543 0119 0491 0.107 0.860
UE2 0121 0571 0,048 0473 0152 0.893
UE3 0105 0.592 0,056 0521 0.145 0.901
UE4 0102 0.582 0.108 0478 0,093 0.840
UE6 0129 0857 0171 0373 0.139 0.706

Bold values show the higher value.
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SME

Sample

Textile SMEs
Leather goods SMEs
Sports goods SMEs
Surgical instrument SMEs
Total

158
188
253
201
800

Bold values showed the total value.
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Stratum

Textile SMEs
Leather SMEs
Sports SMEs
Surgical SMEs
Total

Population (N)

1304
1540
2071
1646
6,561

Proportionate fraction

1304/6,561 = 0.198
1540/6,561 = 0.234
2071/6,561 = 0315

1646/6,561 = 0.250

Sample size (S)

800%0.198 = 158
80070234 = 188
800%0.315 = 253
800%0.250 = 201
800

Bl Rl e R R
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Variable

FQI

AIS

Infor

HC

Urb

GI

ID

SC

rho

lambda

sigma2_e

Pseudo R*

Log
N

1)

(2)

3)

AIS

00235
(0.0020)

-0.0057
(0.0078)
-02161%*
(0.0455)
-0.0021
(0.0023)
~0.0097*%
(0.0022)
00445+
(0.0059)
~0.0197**
(0.0028)
-0.0039*
(0.0024)
~0.9303%+*
(0.0076)
~1.6936*
(0.0693)
00459
(0.0062)
05474
7338183
840

ACE

~0.0240*
(0.0130)
-0.0067
(0.0090)
~0.3180**
(0.0566)
~0.0032
(0.0028)
~0.0135*
(0.0030)
~0.0449***
(0.0066)
-0.0228***
(0.0034)
-0.0025
(0.0027)
~0.7166**
(0.0193)
~0.0696*
(0.0400)
00123
(0.0002)
05227
7283806
840

ACE

~0.0148°**
(0.0042)
~0.0338***
(0.0107)
-0.0087
(0.0088)
~0.2520°**
(0.0598)
~0.0039
(0.0028)
~0.0078**
(0.0036)
~0.0411%**
(0.0066)
~0.0218***
(0.0036)
~0.0033
(0.0027)
0.3567
0.0767)
00296
(0.0094)
0.0896**

(0.0018)
0.6111

721.6807
840

Note: *p < 0.10, **p < 0.05, ***p < 0.01. Numbers in parenthesis are standard errors.
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Variable

FQI

FQI*AGDP

Infor

HC

Urb

lambda

sigma2_e

Pseudo R*

Log
N

1)
All regions

~0.0039+*
(0.0011)
~0.0563*
(0.0222)
~0.0784
(0.1393)
-0.1217
(0.9003)
02530
(0.0044)
~0.1353+
(0.0496)
~0.8788+*
(0.0105)
~0.1651*
(0.0549)
~0.0956"*
(0.0428)
-0.0038
(0.0402)
02098+
(0.0682)
03846
(0.0045)
07821
~782.981
840

(2)
Affluent regions

-0.4665**
(0.0463)
~0.0334%
(0.0086)
~02291
(0.3815)
~13448
(24517)
06633
(00121)
03763
(01325)
-0.2008**
(0.0029)
~0.4262**
(0.1496)
-0.2049*
(0.1170)
~0.0076
(0.0410)
-0.1271*
(0.0688)
02890
(0.0034)
0.8091
~780.673
291

3)
General regions

~0.0145%
(0.0048)
~0.0469"*
(0.0109)
~0.0076
(0.0083)
~0.2441%
(0.0484)
-0.0012
(0.0030)
00106
(0.0023)
~0.0415%
(0.0082)
~0.0222%
(0.0030)
~0.0036
(0.0025)
~0.8985"
(0.0108)
-0.8537*
(0.0420)
00145+
(0.0002)
08193
727.872
300

4)
Poor regions

~00173*
(0.0068)
~0.0037*
(0.0015)
~0.0076
(0.0083)
~02441%*
(0.0484)
-00015
(0.0030)
~0.0106**
(0.0023)
~0.0428"
(0.0077)
~0.0221%*
(0.0030)
~0.0036
(0.0025)
~0.8985"
(0.0108)
~0.8537%
(0.0420)
00145+
(0.0002)
07901
719872
249

Note: *p < 0.10, **p < 0.05, ***p < 0.01. Numbers in parenthesis are standard errors. The cities in the top 93 are rich, and the

ities in the bottom 93 are poor.
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Variable (1) (2) 3) 4)
Plains Hilly regions Mountainous regions ACE
FQL ~07170** ~0.1319°% ~0.0505** ~0.0021°**
(0.0478) (0.0005) (0.0179) (0.0002)
Infor -0.0205 -0.0174° ~0.0451°** -0.0016
(0.0169) (0.0065) (0.0164) (0.0199)
HC ~0.1612 ~0.0076 ~0.7434%* ~0.1104
(0.1542) (0.0083) (0.0190) (0.0901)
Urb -0.0015 -0.2461*** 0.0123*** ~0.1076***
(0.0022) (0.0510) (0.0002) (0.0295)
ED ~0.0074 -0.0012 -0.0015 -0.0051
(0.0065) (0.0030) (0.0030) (0.0060)
Gl -0.1329 ~0.0108*** 00152+ ~0.0316"
(0.0678) (0.0025) (0.0004) (0.0160)
ID ~0.0108* ~0.0415 ~0.0428°** ~0.0114°
(0.0056) (0.0082) (0.0077) (0.0047)
sC -00111* ~0.0221* ~0.1100°** -0.0388°**
(0.0048) (0.0031) (0.0071) (0.0138)
tho ~0.7813 ~0.0036 0.0161%% ~0.8371°%*
(0.0863) (0.0025) (0.0003) (0.0192)
lambda ~0.9413** ~0.8984"* ~0.8983** ~0.6175***
(0.0146) (0.0108) (0.0108) (0.0738)
sigma2_e 00092+ ~0.8538°* 0.0145%% ~0.0152**
(0.0002) (0.0420) (0.0002) (0.0003)
Pseudo R* 06931 07903 08083 06756
Log 730.0937 767.8012 770.091 2554166
N 390 174 276 840

Note: *p < 0.10, **p < 0.05, ***p < 0.01. Numbers in parenthesis are standard errors.
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Variable 1) 2) Q) 4)

All regions Eastern regions Central regions ‘Western regions
FQL ~0.0166° ~0.0505°** ~0.0296** ~0.0021*
(0.0008) (0.0179) (0.0094) (0.0002)
Infor -0.0077 -0.0205 ~0.0164 -0.0016
(0.0083) (0.0169) (0.0107) (0.0199)
HC ~0.2481% -0.1612 ~0.3567** ~0.1104
(0.0506) (0.1542) (0.0767) (0.0901)
Urb -0.0028 -0.0015 ~0.0696* ~0.1076***
(0.0025) (0.0022) (0.0400) (0.0295)
ED -0.0108*** -0.0074 ~0.0148°* -0.0051
(0.0025) (0.0065) (0.0042) (0.0060)
Gl ~0.0463* -0.1329* ~0.0008 ~0.0316"
(0.0063) (0.0678) (0.0294) (0.0160)
ID 00218+ 00108 0.0459% 0.0114*
(0.0031) (0.0056) (0.0062) (0.0047)
sC -0.0035 -00111% ~0.0044 ~0.0388*
(0.0025) (0.0048) (0.0030) (0.0138)
tho 0.8980%% 07813+ 0.8961 0.8371%%%
(0.0109) (0.0863) 0.0177) (0.0192)
lambda ~0.8534*+ ~0.9413** ~0.6175** ~1.0997*
(0.0420) (0.0146) (0.0738) (0.0712)
sigma2_e 0.0145% 00092+ 00152+ 0.0161%**
(0.0002) (0.0002) (0.0003) (0.0003)
Pseudo R* 05483 06013 06756 07013
Log 735.1779 250.5340 255.4166 2505199
N 840 21 300 249

Note: *p < 0.10, **p < 0.05, ***p < 0.01. Numbers in parenthesis are standard error.
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Variable Innovation performance

Model1 Model 2 Model 3 Model 4 Model 5 Model 6

independent variable

Positive psychological quality 05074+ 05014 0467+
Leaders’ Interpersonal Emotion Management 0424+ 0340 0.369*
mediating variable
Work autonomy 0442 0,394
adjustment variable
Employee Perceived Corporate Social Responsibility 04567 0346
control variable
gender ~0.050 -0011* 0046 -0013* 0055 0142
age 0283 0132 0363 0269 0,039 0050
working years ~0.1390 -0.020 -0.074*  -0201* 0146 0.116*
education 0055+ 0064 0,033 -0.036"  0.009° 0018+
industry nature 0013 0016 0.084* 0.074* 0.008 0.057*
interactive item
Positive Psychological Quality * perceived corporate social responsibility of employees 0326+
Leaders’interpersonal emotion management * perceived corporate social responsibility 0220
of employees
R 0700 0914 0765 0718 0.695 0830
Adjust R 0558 0889 0737 0.677 0.677 0793
F TL878% 34578+ 233139 22917 302057 4551

N = 639, * for p < 0.05,* * for p < 0.01, * * * for p < 0.001
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Variable

independent variable
Positive psychological quality
Leaders’ Interpersonal Emotion Management
mediating variable
Work autonomy
adjustment variable
Employee Perceived Corporate Social Responsibility
control variable
gender
age
working years
education
industry nature
interactive item

Positive Psychological Quality * perceived corporate social
responsibility of employees

Leaders’ interpersonal emotion management * perceived
corporate social responsibility of employees

R
Adjust R
F

N = 639, * for p < 0.05,* * for p < 0.01, * * * for p < 0.001

Innovative behavior

Model
1

~0.041
0.209
-0.122%
0.065
0.020

0.264
0229
2,595+

Model

0,442+
0.301%*

~0.103*
0212
-0.121*
~0.011%%*
0.071

0.598
0.477
10,152

Model
3

05107+

0.053%
0.200
~0.088%
~0.001
0.042*

0781
0760
29.554%*

Model

0.397*+
0.299*

0370+

-0.013*
0.237%
~0.184%
-0.021
0.041%

0.654
0.630
19.926"*

Model

0.392***

0.045%
0.072
0.095%
0018
0.035*

0.614
0579
19.587*

Model

0.314%%
0.295%

0.311%

0.112%%
0.117
0.075%
0.052%%
0.066

0.322%%*

0.234**

0.594
0.579
25816

‘Work autonomy

Model
7

~0.109%
0253
~0.034
0.029*
0.004

0709
0678
3.890"

Model
8

0436
0309+

~0.105%
0337+
~0.067
0229%
0.005

0.058
0.040
2043
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Variable Mean Standard 1 2 3 4 B 6 7 8 9 10
value  deviation

1 gender 1394 0523 1.000

2 age 2392 0622 -0.029 1000

3 working years 4586 0865 0124 0.600%*  1.000

4 education 4501 0820 -0018  -0071 0032 1000

5 industry nature 3182 0589 -0056 0372 0210 0014 1000

6 positive psychological quality 4912 0643 ~0.089  -0.094*** 0023 0215 0007  1.000

7 leaders interpersonal emotion 4527 0824 ~0097 -0078 0032 0262 0013 00297  1.000

management

8. Work autonomy 4417 0682 ~0.041  -0030  -0042 0449  -0053 0586 0464 1000

9 employees’ perceived corporate 4360 0728 ~0.074  0.196 0209* 0050 0067 0493  0474™* 0344 1000

social responsibility

10 Innovative behavior 4158 0947 02001 0190 0.097°* 0373 0040  0.544%* 0671%* 0494 0446%* 1000

N = 639, * for p < 0.05,* * for p < 0.01, * * * for p < 0.001
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Model X2/dt  GFI CFI NFI IFI RMSEA
Single factor ~ 4.433 0867 0874 0843 0793 0103
Double factor  3.497 0846 0864 0842 0813  0.092
Three factors ~ 2.895 0898 0893 0876 0886 0076
Four factors 2143 0912 0926 0882 0931 0486
Five factors 2.006 0944 0953 0906 0961 0048
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Goodness-of-fit index name Goodness-of-fit index value Conformity

x/df 1229 High

GEI 0.930 Moderate
AGFI 0.867 Close to match
RMSEA 0.054 Moderate

NFI 0.909 Low

TLI 0.990 Highly

CEI 0.936 Moderate

AIC 98.129 Low

CAIC 178280 High

ECVI 0311 Moderate
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Hypothesis Content Path coefficient t-value Test results

Hla Command-based environmental regulation perception — green product innovation capability 033 481 Supported
Hib Command-based environmental regulation perception — green process innovation capability 031 529 Supported
Hic Command-based environmental regulation perception — “three wastes” treatment innovation ability 027 279 Supported
H2a Incentive-based environmental regulation perception — green product innovation capability 030 364 Supported
H2b Incentive-based environmental regulation perception — green process innovation capability 026 290 Supported
H2e Incentive-based environmental regulation perception— “three wastes” treatment innovation ability 0.1 187 Not supported
H3a Voluntary environmental regulation perception— green product innovation capability 029 6.10 Supported
H3b Voluntary environmental regulation perception — green process innovation capability 008 102 Not supported
H3c Voluntary environmental regulation perception— “three wastes” treatment innovation ability 010 171 Not supported
Hda Green product innovation capability — green competitiveness of heavy polluters 029 386 Supported
Hib Green process innovation capability — green competitiveness of heavy polluters 026 500 Supported

Hic “Three wastes” treatment innovation ability — green competitiveness of heavy polluters o1l 151 Not supported





OPS/images/fenvs-10-955744/fenvs-10-955744-t002.jpg
Element

Command-based environmental regulation
Incentive-based environmental regulation
Voluntary environmental regulation

Green product innovation ability

Green process innovation ability

“Three wastes” treatment innovation ability

Enterprises’ green competitiveness

Maximum value

N

Minimum value

Average value

378
331
2.89
312
291
3.26
287

Variance

023
0.17
031
025
0.09
0.18
020
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Variable Var-Des Mean .D. Min Max
FQL Factor quality improvement (%) 03140 02631 0.0008 04631
Infor Informatization level (ten thousand households) 3.9831 03690 2.8805 50932
HC Human capital (person/ten thousand persons) 10.7281 0.4910 83814 11.9831
Urb Urbanization level (%) 05732 0.4268 0.1023 09879
ED Financial development (RMB million/person) 03241 01892 0.1893 13981
Gl Government intervention (%) 00791 0.0267 00234 01901
ID Industrial development (%) 05031 05876 0.0564 11,8732
sC Social consumption (RMB million/person) 10.0911 06581 7.7647 13.1102
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Year FQI
Moran’s I

2018 0018

2019 0017

2020 0019

S.D (1)

0010
0010
0010

ACE

Moran’s I

0.067***
0.089*%
0,083+

S.D ()

0.009
0.009
0.009

Residual

Moran’s I

0.047**
0.041%%
0.048***

S.D (1)

0.010
0.010
0.010

Note: *p < 0.10, **p < 0.05, ***p < 0.01.
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Carbon sources

Fertilizer

Agricultural film
Agricultural diesel
Irrigation

Plowing

Coefficient

0.8956
4.934
5.18
0.5927
25
3126

Reference

American Oak Ridge National Laboratory

American Oak Ridge National Laboratory

Institute of Resource, Ecosystem and Environment of Agriculture in Nanjing Agricultural University
Intergovernmental Panel on Climate Change

Dubey and Lal (2009)

College of Agronomy and Biotechnology in China Agricultural University
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Time

2018
2019
2020
Mean

All regions

05782
0.5730
0.5691
05734

Eastern regions

0.8731
0.8208
0.7932
0.8290

Central regions

05603
0.5509
05334
05482

‘Western regions

0.4981
0.4870
0.4631
0.4827
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FIDL 1722 7.657 0835
4.17) (7.20) | @4
PS -0.0703 | 0.0960 | ~0.0449
(-083) | (0.96) | (-0.69)
ML 0578 0436 ~0.0576
(148) 1 (0.87) | (-036)
TDL ~0536% | —1.880*** 0171
(-3.18) [ (-5.58) (1.42)
REDL 0297%% 0259 ~0.00768
(4.01) (2.56) (-0.14)
FDI ~0.898* | -0719 ~0.00672
(-225) (-054) | (-093)
OPEN 0158 |0 -0.194
(-1.47) (-097) (-2.97)
HC 1.689 | ~5.692 | 2023
(0.38) (-1.34) (0.68)
_cons 0654 00784 0199
(-279) (-0.29) (1.32)
N 99 I 72

¢ statistics in parentheses. *p < 0.05, **p < 0.01, ***p < 0.001.
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East Midland West
p-value 0320562 206E-05 060015939

Z-value 09933 4258 05242

Total effect 406159 150489 0635967
Indirect effects 394924 120302 005491

Direct effect 0112346 0301872 0581057

Intermediate variables FIDL FIDL FIDL
Control variables NO NO NO

Percentage of intermediaries | 2.766% 79.941% 8.634%
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p-value 000191077
Z-value 3104
Total effect 1.10611
Indirect effects 0745633
Direct effect 0360474
Intermediate variables FIDL
Control variables YES
Percentage of intermediaries 67411%
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Midland

FIDL 6457
(8.18)
GEDL 0.360
(144)
s 0,029
(0.98)
DI 2314
(2.19)
TDL 0360
(-3.83)
OPEN 0934+
(-4.26)
HC 64427
(7.21)
_cons. 0266
(5.01)
N 81

t statistics in parentheses. *p < 0.05, **p < 0.01, ***p < 0.001.
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