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Background: Optimizing the energy consumption structure (ECS) is conducive to promoting the efficiency and quality of regional green economic development (GED). This paper discusses the current situation of green economic development (GED) in China and how optimizing the energy consumption structure (ECS) can promote green economic development (GED).Methods: A systematic literature search (from January 2013 to July 2024) was conducted using the keywords “green economic development” and “energy consumption structure” in the following databases: Web of Science, Embase, Science Direct, and PubMed. In this paper, the entropy method was used to measure the GED indicator system, Arcgis drawing was applied to show the current status of GED development, and the theme of this paper was investigated by constructing the basic regression model, Spatial Durbin model, mediating effect model, and moderating effect model. Two researchers independently screened and extracted data.Results: The analysis of empirical tests in 30 provinces yielded the following results: The overall development of China’s GED shows a fluctuating upward trend. However, there is a regional development imbalance, and the development level of the eastern region is significantly higher than that of the central and western regions. The optimization of ECS contributes significantly to the improvement of GED. And the effect of optimizing ECS on GED has an apparent spatial spillover effect. The optimization of ECS in neighboring regions also promotes the increase of GED in the region, and this feature is more obvious in the central and western regions. The spatial effect of ECS optimization on GED is shown as Central Region > Western Region > Eastern Region. The total effect of the upgrading of the energy consumption structure and its impact on surrounding areas is shown in the following regions: Western region > Central region > Eastern region. The analysis of the mechanism effect shows that upgrading industrial structure is the main mechanism for optimizing ECS on GED.Discussion: The results show that the optimization and upgrading of ECS is the driving force behind the development of GED, and that there is a need to break down barriers between regions to promote the common development of GED, as well as to play a role in the mechanism of industrial structure.Keywords: China, energy consumption structure, green economic development, spatial durbin model, mechanism analysis
1 INTRODUCTION
Climate and pollution are pressing global challenges. Diversified human economic activity has severely hampered the survival of the species as well as the stable functioning of the economy and society, in addition to causing irreversible harm to land and water resources (Ievdokymov et al., 2018). Therefore, it is now crucial for humanity to figure out how to attain economic and environmental harmony and sustainable development. Countries around the world have been actively seeking a way to address environmental challenges, pursuing a balance between steady economic growth, efficient use of resources, and equitable social development (Patzold, 2020; Ament et al., 2020). As early as after the Industrial Revolution, energy, mainly traditional fossil energy, became the main driving force behind rapid global economic growth; it put some countries at the forefront of world development. However, when economic development gradually enters a mature stage, energy shortage, environmental pollution, and other problems are becoming increasingly serious, jeopardizing human production and development. The “World Energy Statistics Review 2022” showed that the overall amount of fossil energy consumed in 2021 is 489.67 EJ, about triple the amount consumed in 1965. The worldwide primary energy consumption in 2021 is expected to reach upwards of 595.15 EJ. Environmental sustainability is receiving increasing attention globally. China is the world’s biggest energy consumer, and since 1978, the country has used almost 5 billion tons of standard coal in general, up from 571 million tons in 1978. As the main engine of socioeconomic development (Zhang et al., 2014), energy is a necessary raw element for industrialization. However, it leads to severe environmental pollution and carbon emissions while providing economic power and fostering economic development. The ranking of China’s environmental performance in the Environmental Performance Index Report (2022) reflects China’s significant environmental pressure. Facing the pressure of energy shortage, environmental pollution, and social health hazards, countries are exploring developing renewable and clean energy sources, seeking sustainable development methods (Nwozor et al., 2021; Kim et al., 2020; Castrejon-Campos, 2022), promoting the optimizing of the energy consumption, and taking the path of green economic development. Energy is a necessity for human survival and economic development, so improving the efficiency of energy use and optimizing the structure of energy consumption have become critical paths to changing the crude economic development model.
Especially in China, as China’s economy continues to grow, the adverse environmental externalities are also becoming more apparent. The ecological environment puts further strain on China’s efforts to pursue sustainable development (Niu and Jiang, 2021). China’s current energy consumption structure and environmental conditions support this. As can be seen from Figure 1, coal is still the primary source of energy consumption in China. Although the proportion of coal consumption continues to decline from 2011 to 2022, the value still reaches more than 60%, indicating that it will be difficult to change the dominant position of coal for some time in the future. The share of oil also continues to rise, reaching 18% in 2022. Natural gas is less environmentally polluting than coal and oil, but its share is still low. Carbon dioxide emissions declined from 2013 to 2016 and then showed an increase after 2017. China’s energy consumption situation determines China’s environmental pollution situation, and as people’s demand for a better life and green development rises day by day, this requires a shift to cleaner consumption patterns; otherwise, it is difficult to realize sustainable development and green development. Therefore, since the 21st century, ecological civilization has become one of the main themes of socialist development with Chinese characteristics (Wu et al., 2021; Dong et al., 2021). The 13th Five-Year Plan included green as one of its five development themes in 2014. During the 18th CPC Central Committee’s Fifth Plenary Session, it was explicitly suggested that the five development themes be implemented. Protecting the ecological environment is an indispensable part of social development. In the 20th Party Congress report, President Xi Jinping noted that we should work toward building a beautiful China and insist on comprehensive preservation and orderly management of the country’s mountains, lakes, fields, grasslands, and sands. Encourage the conservation and resources using efficiency, promote energy low-carbon transition, then accelerate the establishment of low-carbon industry and change energy structure. The International Energy Agency in Paris released the “World Energy Outlook 2023” report, which predicts that by 2030, the world energy system will transform, and clean energy technology will be crucial in boosting nations’ capacity to take action and strengthening global cooperation to address challenges related to energy security. China and even other countries are working hard to facilitate the development of a green economy and achieve “carbon peak and carbon neutrality".
[image: Figure 1]FIGURE 1 | China’s energy consumption structure and major pollutants.
Clarifying the relationship between optimizing the ECS and the GED is essential. However, a standardized view of the relationship has not yet been formed, and most of the literature neglected the role of spatial (Fang et al., 2022; Dzwigol et al., 2023). So far, there are not enough studies on how ECS optimization affects the GED, especially in terms of spatial effect. However, answers to the following questions are required: Does the optimization of ECS promote or hinder the GED? Does GED in the surrounding regions benefit spatially from the optimization of ECS? What is the mechanism variable by which ECS affects GED?
Therefore, this paper has the following marginal contributions. Firstly, this study innovatively used the entropy weight TOPSIS model to construct a comprehensive index system including economic efficiency, social efficiency, and environmental efficiency to measure the level of GED and demonstrate the current status of GED in my 30 provinces. Second, from the perspective of energy consumption structure, existing studies mostly explore the single impact of energy on GED. At the same time, this paper investigates the impact mechanism of ECS on GED by utilizing the data of each province from 2011 to 2021. Finally, considering the existence of linkages and synergies between different regions, this study explores the spatial spillover effect of energy consumption control on GED. Meanwhile, considering the differences in resource endowment and economic base between different regions, this study analyzes the heterogeneity of spillover effects in different regions. This analysis not only enriches the existing GED research but also provides new insights for improving ECS and promoting cross-regional synergistic development of GED.
This study is organized as follows: Part II is the literature review. Part III is the theoretical analysis and hypotheses. Part IV is about methods and data. Part V is results and discussion. Part VI is the conclusion and the recommendations.
2 LITERATURE REVIEW
British economist Pearce first coined the term green economy. A “green economy” refers to a sustainable model of economic development that preserves the environment, safeguards public health, averts ecological crises, and makes prudent use of available resources. The United Nations Environment Programme (UNEP) considers GED to be the greening and decarbonization of the economy, thereby enhancing human wellbeing. According to the majority of studies now available, GED aims to achieve low-carbon and sustainable development, emphasize ecological priority, and coordinate society, economics, and environment (D’Amato et al., 2017; Zioło et al., 2023; Yang et al., 2022).
With the continuous integration of GED research into the academic field, numerous scholars have conducted studies on GED assessment. However, there is no consistent conclusion regarding the evaluation index system of GED, mainly including National Accounts (Kunanuntakij et al., 2017; Wei et al., 2020), single-indicator efficiency evaluation methods, and multi-indicator system (Wu, 2021), and the comprehensive index of GED (Pan et al., 2019; He et al., 2018). The Green National Accounts system refers to the addition of ecological and environmental performance based on the traditional national economy accounting system. The single-indicator efficiency evaluation method evaluates the level of GED by measuring the positive effect of green economy development on the environment, mainly reflecting the degree of contribution of the green economy in realizing resource conservation and environmental protection. The evaluation indicators mainly include energy efficiency (Wei et al., 2009; Wu et al., 2023), resource utilization efficiency (Feng et al., 2019), and emission reduction efficiency (Zhang et al., 2018). Multi-indicator efficiency evaluation methods introduce economic and social elements to assess green economic development. The most commonly used is green total factor productivity to evaluate GED (Chang et al., 2023). Some scholars have used the three-stage DEA model, the SBM model, and the environmental RAM model to measure green economic efficiency (Li J. et al., 2022). The comprehensive index of GED refers to the evaluation by selecting some representative core indicators (Yang, 2023; Dong and Yang, 2022). The most representative is the green growth indicator system constructed by OECD, which covers economic, environmental, and human wellbeing. Based on this, different countries and regions have innovated the indicator system according to their environmental development conditions. The GED index is calculated from the selection of key indicators, each of which is given a unique weight. The main methods of measurement are the entropy method and principal component analysis (PCA) (Lin and Zhou, 2022; Guo and Diao, 2022). However, how to drive the development of GED has become a hot issue due to the seriousness of environmental issues. Some scholars believe that economic factors underlie the development of the GED and have an important role in the GED. The level of economic development forms the basis for the GED, and regions with a high level of economic development have adequate human resources and facilities, thus promoting the innovation and application of green technologies (Lin and Zhou, 2022; Yang et al., 2023). Moreover, technological inputs will increase the level of green technology innovation, which in turn will drive GED (Zhao et al., 2022; Liu and Dong, 2021; Zhang and Li, 2022). Green financing helps to improve policies related to carbon emissions trading, environmental laws, and other areas, enhancing corporate responsibility and pushing the standard for green technical innovation, advancing the GED (Hua et al., 2024; Li, 2023; Shi and Yang, 2024). Industrial restructuring and transformation are also essential factors affecting GED, mainly through the advanced industrial structure and greening (Ding et al., 2022; Dong et al., 2021). In addition, the development of GED cannot be separated from the government’s policy support (Su et al., 2022; Wang and He, 2022; Xin Z. et al., 2022). Some environmental tax policies affect the GED through limits on pollution emissions (Liu et al., 2024). Another group of scholars believe that GED is influenced by environmental factors such as resource development and utilization. Reasonable resource development and utilization is a prerequisite for GED, and increased utilization of resource development can effectively promote economic efficiency (Zerong et al., 2024). However, overuse and development will result in resource depletion and environmental contamination, which will hinder the green economy’s ability to grow sustainably (Wang et al, 2022).
While appropriate ECS promotes GED, an inappropriate energy structure has a negative impact on the environment (Chen et al., 2021; Xu et al., 2020). The high use of non-renewable energy sources can lead to an increase in PM2.5 concentration and SO2 emissions (Ul-Haq et al., 2023; Yang et al., 2016). Clean energy helps reduce carbon emissions and protect ecosystems (Li et al., 2020). A new energy transition strategy can achieve a symbiotic balance between the economy and the environment and enhance green economic performance (Lin and Xu, 2024). A strategic and environmentally conscious management of resources often has a positive impact on a country’s economic growth, and GED can be promoted through effective management of steady-state resources (Zerong et al., 2024). At the same time, there is a coordinated relationship between energy consumption structure and green total factor productivity, and the degree of this coordination is affected by environmental regulations, technological innovations, and industrial structure, among other factors (Zhang et al., 2023). Some scholars have found a nonlinear relationship between energy and the economy and the environment, with an inverted N-shaped relationship between renewable energy and economic growth and carbon emissions (Li C. et al., 2022). However, the majority of studies only concentrate on how ECS affects environmental contamination. Studies have mainly explored the impact of ECS on environmental or economic factors from a decentralized view. There are not many studies on how ECS affects societal GED. Most studies ignore interregional linkages and spatial spillovers. ECS affects both localized regions and spreads to neighboring regions, thus affecting the surrounding regions for environmental and GED (Xiao et al., 2019). Besides, some studies lack an analysis of the mechanism effect. Therefore, this paper explores the impact of ECS from the comprehensive perspective of the socio-economic environment by constructing a comprehensive index system for green economic development, incorporating spatial effects and mechanism effects into the study, and analyzing the effects of ECS on GED.
3 INFLUENCE PATH OF ECS ON GED
This paper adopts the literature research method to analyze the effect of ECS on GED from two main perspectives, direct effect and indirect effect and puts forward the research hypothesis.
3.1 The direct effect of ECS on GED
ECS optimization promotes GED in three aspects: economic, ecological, and social benefits.
Firstly, optimizing ECS promotes the transformation of energy cleanliness, improves economic efficiency, and boosts the level of GED. Optimizing ECS means a shift from traditional reliance on coal resources to clean energy. Using clean energy is a necessary way to achieve “Carbon Peak and Neutrality” targets. Energy cleaner transformation can guide financial capital towards environmental protection. Meanwhile, green finance facilitates energy savings, which in turn increases investment in clean technology (Li, 2023; Mingxing et al., 2023), injecting more financial support for the economy.
Secondly, optimizing ECS promotes environmentally sustainable development, improves environmental efficiency, and contributes to the level of GED. China is the world’s largest energy producer and energy consumer. Coal is China’s primary energy source, and new energy sources are scarce. China’s characteristic of “more coal, less oil, less gas” has formed a long-term energy structure dominated by coal. Conventional energy sources generate large amounts of pollutant emissions. In the process of extraction, it destroys vegetation, soil erosion, and pollution of water sources. During its use, it emits large amounts of carbon dioxide, causing atmospheric deterioration and seriously affecting the environment. Clean energy is essential to solving today’s environmental problems because of its low pollution, large reserves, and sustainability. Therefore, optimizing ECS will help to increase clean energy use, reduce carbon dioxide emissions, increase the efficiency of energy use, and improve the environment’s quality and the wellbeing of individuals (Lee et al., 2023; Guo et al., 2021). Green energy transformation reduces energy dependence on the environment, reduces environmental pollution and resource waste, and improves the quality and sustainability of the ecological environment. It is positive for the promotion of ecological civilization construction and GED.
Thirdly, optimizing ECS creates new employment opportunities and improves social benefits, then promotes the GED. In the first place, optimizing ECS promotes the use of clean energy and, therefore, creates jobs producing and installing clean energy. Besides, optimizing ECS brings more investment in renewable energy (Liu et al., 2023), and the transfer of such investment will mostly have a positive effect on employment through education. In the second place, the optimization of ECS can be combined with modern agriculture, industry, and other industries to form new economic growth points, increase job possibilities, and realize the coordination economy, social benefits, and environmental benefits. Besides, the optimization of ECS is accompanied by technological innovation, which means that new opportunities will emerge in fields ranging from electric vehicles to power generation and storage. Therefore, proposing the hypotheses.
H1. Optimizing ECS can significantly promote the level of GED.
3.2 The spatial spillover effect of ECS on GED
Existing studies have shown that optimizing the ECS has spatial spillover effects on low-carbon environment preservation and economic growth. Meng et al. (2023) found that clean energy promotes the low-carbon economy and has positive spatial spillover effects. Li et al. (2022) studied the regional spillover effect of clean energy, which benefits both environmental preservation and economic growth. At present, there are different conclusions in the literature regarding how ECS affects both environmental pollution and economic growth. Most studies show that the impact is not a single positive or negative effect but is nonlinear. Energy consumption also increases regional carbon dioxide emissions and has a spillover impact over space (Zou and Zhang, 2020). The current energy situation shows that the country is rich in energy. The stock and type of energy sources in the region are similar. In response to the lack of energy in the eastern region, our country is also actively taking measures to cope with the status quo, such as the “West-to-East Gas Pipeline” project, to make up for the energy demand through spatial transfer. GED is beneficial to economic and environmental sustainability. Considering this, this research proposes the second hypothesis.
H2. The optimization of ECS has a spatial spillover effect on GED.
3.3 The mechanical effect of industrial structure upgrading
With ECS optimization, a new clean energy industry will gradually replace the traditional energy industry (Su and Fan, 2022). New energy and other means to encourage high-energy-consuming, high-polluting industries to high-efficiency, environmentally friendly, sustainable industries, the establishment of a green industrial chain, and the promotion of the adjustment and optimization of economic structure (Pan et al., 2021). The cleaner transformation of energy pushes industrial structure upgrading. Existing research shows that industrial structure increases the GED level. Upgrading an industry’s structure makes enterprises more competitive in quality, technology, and environmental preservation, then enhances the competitiveness of the economy and green innovation ability (Qiu et al., 2023). Moreover, industrial structure upgrading can decrease carbon emissions (Liang et al., 2023; Gao et al., 2022) and improves eco-efficiency (Wang and Wang, 2022). Meanwhile, the practice has proved that localities have actively constructed an ecological industrial structure, transformed the rough industrial structure, and centered on enhancing the effectiveness and quality of economic development to realize green and low-carbon development. Therefore, according to research and realistic experience, this paper proposes the following hypothesis.
H3. ECS can indirectly increase GED through upgrading industrial structures.
3.4 The moderating effect of technological innovation and public concern
Technological innovation has a positive moderating effect on the promotion of the upgrading of the energy consumption structure and the development of the green economy. Technological innovation is conducive to enhancing the efficiency of resource allocation. As the level of green technological innovation improves, low-carbon and zero-carbon emission technologies become more and more mature, the cost of using them gradually decreases, more clean energy enters the production field, the proportion of research and development and application of clean technology increases, and the proportion of fossil energy consumption decreases, so that carbon emissions can be choked off from the source. The industrial structure is also affected by green innovation, and improved technological innovation will facilitate the flow of factors such as talent and capital to low-carbon productive services and accelerate the transfer of high-pollution industries to low-pollution industries. The pressure of energy scarcity and sustainable development drives enterprises to accelerate technological innovation and take the path of green and low-carbon development. Thus, technological innovation ensures the stability of firms in making energy mix upgrades, controlling their costs, and improving GED levels.
Regarding public concern, the public can directly participate in pollution control, negotiate with polluting companies, resolve disputes through judicial channels, or indirectly influence energy consumption behavior by conveying environmental protection supervision opinions to the government through public opinion communication. The public can also convey the demand for green products to the market, leading to green investment and innovation activities.
Therefore, the following hypothesis is proposed.
H4a. Technological innovation positively moderates the positive correlation between ECS and GED.
H4b. Public attention plays a positive moderating role in the positive correlation between ECS and GED (Figure 2).
[image: Figure 2]FIGURE 2 | GED empirical research framework.
4 METHODS, VARIABLE SELECTION AND DATA
4.1 Methods
4.1.1 Basic model
The basic model of the direct effect of the ECS on GED as shown in formula (1):
[image: image]
Where GEDit denotes the GED level, i represent province and t represents year, ECSit is the ECS development level, and ε denotes the random perturbation term; δt and μi represent time and individual fixed effects, and Xit denotes the control variables; α1 and α2 are the regression coefficients; α0 is a constant term.
4.1.2 Spatial econometric model
It has been shown that GED and ECS optimizing have strong spatial correlation, so the spatial panel model is selected for regression analysis, and before spatial analysis, the geographic correlation of the GED is measured by the Moran I index, defined as shown in formula (2):
[image: image]
In the equation above, X is the GED level, i and j denote the different provinces, n represents the number of provinces, and is an element in the spatial weight matrix W. In this paper, the spatial weight matrix is selected as geographic distance spatial weight matrix W1, spatial adjacency matrix W2, and economic distance matrix W3.
This paper uses SDM to assess the influence of optimizing ECS on GED; the model is shown in formula 3:
[image: image]
where i represents province and t represents year; Wij is the spatial weight matrix, β is the vector of parameters to be estimated for the explanatory variable-energy consumption structure optimizing, and ρ is the spatial lag coefficient. Considering that there are many factors affecting the development of a green economy, this paper introduces relevant control variables. The control variable’s spatial lag coefficient is indicated by the symbol λ, and the vector of parameters to be evaluated for the control variables is represented by Xθ. The symbols ui, vt, and εit represent area, time, and random disturbance terms, respectively.
4.1.3 Mechanism effect test
To investigate how ECS affects GED, this paper further explores the mechanisms involved. Scholars usually adopt a three-step approach to mechanism analysis. However, this approach is constantly questioned. Jiang (2022) argued that there could be endogeneity issues with the mediated effects of the third step of mediated effects, which would lower the validity of statistical tests. Therefore, only two steps are needed to illustrate the relationship between mechanism variables and GED, and the third part uses the literature or existing studies to support it. The above theoretical analysis proves that upgrading industrial structures benefits GED; therefore, this study uses a two-step method. The model is shown in formula (4):
[image: image]
Model (4) is the second step of the mechanism effect. In the equation, M is the mechanism variable. Both α1 andσ1 are significant, indicating that the ECS affects the GED through mechanism variables. The other variables have the same definitions as in model (1).
4.1.4 Moderating effect test
To explore the moderating effect of ECS acting on the GED process, the interaction term between the moderating variable and ECS is introduced, and formula (5) constructs that D is the moderating variable.
[image: image]
4.2 Variables
4.2.1 Explained variable: GED
Traditionally, economic growth has been defined as a rise in GDP. The process of continuously maximizing social structure, economic structure, and the welfare of the people based on economic growth is known as economic development. In particular, economic development implies improved ecological environment optimization, enhanced infrastructure, affluent culture and education, and higher levels of happiness among the people. The negative effects of traditional economic development are environmental deterioration and energy resource waste. At the same time, GED emphasizes the addition of the concept of “green” based on economic development, which is environmental protection, ecological optimization, and taking the green development path. Therefore, based on the GED connotation, this paper defines GED as the evaluation of social development pursuing three comprehensive benefits economic, social, and environmental.
The GED’s evaluation index system was created using the entropy approach, considering the advantages to the economy, society, and environment, as well as the principles of science, comprehensiveness, and data accessibility. Table 1 shows the specific indexing system.
TABLE 1 | Evaluation indicators of GED.
[image: Table 1]4.2.2 Explanatory variable: optimization of ECS
Optimization of energy consumption institutions refers to the continuous rationalization of the proportion of various energy sources consumed and the minimization of consumption and carbon dioxide emission costs. Electricity and natural gas are less polluting and are suitable substitutes for traditional energy sources. Thus, the percentage of clean energy in overall energy consumption represents the optimization of ECS. Clean energy consumption is selected from the data on electricity and natural gas consumption, and the units of both are simultaneously converted to 10,000 tons of standard coal and then summed up and finally divided by the total energy consumption for weight calculation.
China’s coal and clean energy consumption from 2010 to 2020 are shown in Figures 3, 4. From Figure 3, the proportion of coal consumption from 2010 to 2021 shows a downward trend in general. However, there are geographical variations among various regions; the proportion of coal consumption in Beijing, Tianjin, Shanghai, Zhejiang, Guangdong, Hainan, and Qinghai has been at a low level, while the proportion of coal consumption in Hebei, Shanxi, and Ningxia is still high. As illustrated in Figure 4, the proportion of clean energy shows a steady upward trend. In addition, there is a spatial consistency between changes in clean energy consumption and coal consumption.
[image: Figure 3]FIGURE 3 | 2011–2021 share of coal consumption changes.
[image: Figure 4]FIGURE 4 | 2011–2021 share of clean energy consumption changes.
4.2.3 Intermediate variables
Optimization of the industrial structure is the transformation of the industrial structure from a lower to a higher form, representing a developmental turnaround of the economy. Therefore, the value added of the tertiary industry as a percentage of GDP is used to express industrial structure optimization.
4.2.4 Moderating variables
According to the above analysis of moderating effects, the first moderating variable is innovation, and the most intuitive demonstration of innovation is the invention patents of the society, which is indicated by the number of invention patent applications. The second moderating variable is public concern; the public search volume of the term “environmental pollution” intuitively demonstrates the public’s concern for the greening of social development, so the “environmental pollution” Baidu index is selected to bring off the public concern.
4.2.5 Control variables
In addition to the ECS, GED is also affected by the following control variables: referring to previous research and combining the connotation of green economy development, four relevant control variables are selected (Table 2). (1) Economic level (Eco), expressed in terms of per capita GDP. (2) Population density (Peo), measured as the proportion of permanent households in a province to the area of the province, takes logarithms in the empirical evidence. (3) Foreign direct investment (FDI) is calculated as the GDP’s percentage of foreign direct investment. (4) Environmental regulation (Gov) is proxied as industrial added value accounts for the proportion of investment in industrial pollution control.
TABLE 2 | The indicators’ description.
[image: Table 2]4.3 Data sources
This study does not include Tibet, Hong Kong, Macao, and Taiwan because there is an overwhelming amount of missing data for the indicators. The relevant data for the GED were obtained from the “National Bureau of Statistics” and “The China Province Statistical Yearbook.” The data for the ECS were obtained from the “Energy Statistical Yearbook.” Environmental Pollution Baidu Index is calculated using the crawled daily search index to represent the annual average. The remaining variables were derived from the “China Province Statistical Yearbook,” and some missing values were supplemented by linear interpolation. The descriptive results for all variables chosen are shown in Table 3.
TABLE 3 | Descriptive statistics of the variables.
[image: Table 3]5 RESULTS AND DISCUSSION
5.1 GED evolution in space and time
The results of ranking the average GED of each province for 2011–2021 are shown in Figure 5. In terms of the overall distribution, the provinces in the eastern region ranked high, and the provinces in the central and western regions ranked low, with the eastern region significantly higher than the central and western regions. It shows an inter-regional imbalance. This is mainly because of China’s development strategy and the foundation of the Eastern Region. The eastern region has established the groundwork for economic growth attributable to the national plan that prioritizes the eastern region, accumulating capital, talent, and experience, thus leading the GED level. By contrast, the provinces in the center and western areas, which are Yunnan, Guizhou, Gansu, Heilongjiang, and Henan, have the lowest levels of development. This shows that the GED level of this area has a great deal of space for development. The provinces of the central region are less efficient in developing GED because the central region has inherited heavily polluting industries from the eastern region, and traditional energy still accounts for a large proportion of the development. Meanwhile, innovation and technology have set restrictions on the central and western regions, making it hard to develop effectively. As a result, the level of GED stays lower.
[image: Figure 5]FIGURE 5 | Ranking of provincial GED averages.
Regarding intra-regional disparities, the province with the highest GED mean in the eastern region is Beijing, with a mean of 0.743, and the province with the lowest mean is Anhui, with a mean of 0.327. There is a difference of 0.415. In terms of the central region, the province with the highest GED mean in the central region is Inner Mongolia, with a mean of 0.416, and the province with the lowest mean is Heilongjiang, with a mean of 0.311 and a difference of 0.1. The western region has the highest mean in Chongqing, with a mean of 0.413, and the lowest in Yunnan, with a mean of 0.270 and a difference of 0.143. The province with the highest average GED value in the western region is Chongqing, with an average value of 0.413, and the province with the lowest average value is Yunnan, with an average value of 0.270, a difference of 0.143. The most significant gap within the region is in the eastern region, which may be due to the fact that when the eastern region transfers industries to the central and western parts of China, the central and western regions are limited in the environmental carrying capacity to undertake the traditional industries. So they begin to accept the traditional industries. This may be due to the fact that when the eastern region is transferring industries to the central and western regions, the central and western regions have limited environmental carrying capacity to take over traditional industries, so there are differences in the development between provinces, which are in a period of adjustment and friction. Thus there is a significant gap in the level of GED development within the region.
To explore the spatiotemporal characteristics of GED, GED levels were classified into five categories and visualized at four time points: 2010, 2014, 2018, and 2021 (Figure 6). The findings are as follows: (1) during 2011–2021, the GED level in all provinces shows an upward trend. It shows that the GED of China is generally showing a steady and progressive trend, and the green transformation of the economy is solidly advancing. (2) In the process of dynamic evolution, GED is characterized by agglomeration, and the agglomeration area is mainly located in the east. This indicates that the level of green economy development in the eastern region is generally higher than that in the central and western regions and can effectively drive the development of neighboring provinces.
[image: Figure 6]FIGURE 6 | GED evolution schematic.
5.2 Baseline regression results
The fixed effects regression results are reported in columns (1) and (2), and the random effects regression results are reported in columns (3) and (4) in Table 4. The regression results for RE and FE prove that the influence of ECS on GED is positive, and all passed the significant test at the 1% level. According to the regression results of R2, this study chose the fixed effects model.
TABLE 4 | Baseline regression results.
[image: Table 4]The results show that in column (1), when no control variables are added, GED increases by 1.250 for every 1% increase in ECS, respectively and is significant at 1%. Column (2) adds control variables to the model. The coefficient of the core explanatory variable, ECS, is still significantly positive at the 1% level after other factors are taken into account, indicating that the optimization and upgrading of ECS has a strong incentive effect on the improvement of the economic, environmental, and social benefits, which in turn improves the level of the GED, proving that H1. This is mainly because traditional coal, as the primary energy source for production and consumption in China, produces a large amount of greenhouse gases, carbon dioxide, and other harmful substances during its use, which causes serious harm to human beings and organisms. Hence, the most direct effect of the upgrading of ECS is to increase the proportion of clean energy use, increase the environmental benefits, and promote the improvement of GED through the enhancement of environmental benefits.
Moreover, the effect of economic development on GED is 0.0768, indicating that the basis of GED is still economic growth. Economic development can inject vitality into urban development, provide impetus to promote ecological improvement and improve the quality of life of residents, thus increasing GED. The impact of FDI on GED is positive and passes the 5% level of significance, but the coefficient value is small. This shows that FDI has less effect on the development of GED, which mainly depends on domestic environmental improvement rather than foreign trade. The effect of population density on GED is 0.0708 and passes the test of significance at a 5% level. This may be due to the increasing level of education of the population, high population density having a positive effect on the greening and economic vitality of the area and a higher level of GED. The negative effect of government regulation on GED suggests that government regulation alone cannot fundamentally improve GED levels and that further adjustments to government regulation are needed to make it work positively.
5.3 Regression results of a spatial econometric model
5.3.1 Spatial correlation
In this paper, we evaluate the spatial correlation of GED by calculating the Global Moran’ I index. The weight matrix uses the geographical distance matrix. The statistical test results and the Moran’s I index are shown in Table 5. The test findings show that Moran’s I index of China’s provinces is in the range of 0.2–0.4, and all p-values are less than or equal to 0.001, passing the significance test. Thus, it suggests that China’s GED is spatially correlated.
TABLE 5 | Moran’ I index of GED.
[image: Table 5]5.3.2 Spatial model selection
First, the LM test was done to decide whether to use the spatial error model (SEM), the spatial lag model (SAR), or the spatial Durbin model (SDM), and the results are given in Table 6, showing that SDM is appropriate because the results significantly reject SAR and SEM, with p-values of both the LM and the R-LM tests being 0.000. However, it is still necessary to check whether SDM degrades into SAR and SEM to be tested. The Wald and LR tests must be taken to determine if the model can be degraded to SAR and SEM. SDM is appropriate, as shown by the Wald and LR values evaluated to reject the initial hypothesis at the 1% level. Hausman’s test showed that the random effects hypothesis was rejected with a P-value of 0.00. Therefore, we choose a fixed effect, and through further effect tests, we find that the R2 of the double fixed effect is 0.5687, the R2 of the individual fixed effect is 0.8969, and the R2 of the time fixed effect is 0.1944. Therefore, the individual fixed effects of SDM should be adopted.
TABLE 6 | Results of the spatial measurement model selection test.
[image: Table 6]5.3.3 Regression results of SDM
Table 7 displays the results of the spatial measures. The findings indicate that under the complete sample condition, the coefficient of ECS on GED is 0.201 and 0.195 and passes the 1% significant test, demonstrating that optimizing ECS can significantly improve the development of GED level, which verifies H1. Further examination reveals that the spatial coefficients of ECS are 0.265 and 0.149 and pass the significance test, which indicates that the ECS optimizing has a spillover impact over space, which proves H2. This means that there is a positive spatial spillover effect of ECS optimization on the development of GED, and the level of GED development in one province will be positively affected by the degree of ECS optimization in neighboring provinces, i.e., there is a “radiation effect” of the effect of ECS optimization on the development of GED. In China, burning fuel, particularly coal, is a significant contributor to pollution and carbon emissions, and the atmospheric mobility of such air pollutants tends to cause pollution on a regional scale, so when the energy consumption structure is transformed and upgraded, it will likewise lead to an increase in GED on a regional scale. To ensure the findings’ credibility, Table 7 also presents the results of SAR and SEM. The findings demonstrate that SDM has the highest R2, confirming that the model selection was sensible. Depending on the results of SEM and SAR, ECS also positively promotes GED.
TABLE 7 | Results of Spillover effect.
[image: Table 7]The control variable estimation findings indicate that the coefficients of economic development level, foreign investment, and population density are significantly positive, which can improve GED. Government regulation has a beneficial but insignificant effect, proving that government environmental regulation has a limited impact on GED.
Direct and indirect effects are the two components of the spatial effects. Optimizing the ECS on the GED of the region has a direct effect, and the indirect effect is the impact of optimizing the ECS on the surrounding neighboring regions. As Table 8 illustrates, in terms of direct effect, the impact coefficient of optimized ECS on GED is 0.2789, indicating that the optimized ECS has a direct promotion effect on local GED, which further proves the conclusion that the adoption of sustainable energy sources can well improve local GED. In terms of indirect effect, the impact coefficient of optimized ECS on GED is 1.39. It passes the test at 1% level, indicating that the optimization of regional ECS effectively breaks down inter-regional barriers. With the help of cooperation, the optimization of ECS in neighboring regions also has a significant promotion effect on the region, which further proves the conclusion of H2. This is because inter-regional environmental, economic and social development develops together. Economic development generates spillover effects through the flow of science and technology, talents and factors, driving up the economic level of neighboring regions and improving social effects. Similarly, the optimization of a region’s environment can also play the role of positive externalities, and the optimization of the environmental carrying capacity is precisely through the positive externalities of both the economy and society and the environment to play its spillover effect, leading to the improvement of the surrounding areas of the college entrance examination. In terms of the overall effect, the total impact coefficient of the optimized EMS on the level of GED is 1.669, indicating that for every 1% increase in clean energy across the region, the level of GED will increase by 1.669%. In summary, the level of GED is positively impacted both directly and spatially by optimizing ECS.
TABLE 8 | Decomposition of spatial durbin model effect.
[image: Table 8]Regarding additional control variables, the direct effect of economic development level and population density has passed the significant test. However, the indirect and total effects have not passed, indicating that the economic development level and population density mainly play their direct role. The significance of other control variables is not high, indicating that the spatial effect is still not apparent.
5.4 Robustness tests
Different methods are used to continue the robustness test to confirm the result’s robustness. Table 9 displays the results. First, the matrix is changed. The model was tested by replacing the matrix with a spatial adjacency matrix and an economic distance matrix. Second, adjusting the study period. The epidemic stops socio-economic activities, and ecological construction and green economic development paths are affected to some extent, so this study excludes the data for 2020–2021.
TABLE 9 | Robustness test.
[image: Table 9]It is visible that the significance and the positive and negative aspects of ECS remain consistent with the results above, proving the results’ robustness.
5.5 Further discussion
5.5.1 Regional heterogeneity analysis
Coal accounts for the largest share of energy consumption. Improving the ECS means consuming less fossil fuel and more clean energy. To further explore the empowering effect of ECS on GED under different fossil energy endowments, the median share of coal in each year is selected, regions above the median are defined as high fossil energy category A regions, and regions below the median are defined as low fossil energy category B regions.
According to Table 10, it can be seen that the ECS in class A areas can significantly enhance the GED of the region. In contrast, the effect of ECS on GED in class B areas is significantly less effective than in class A areas. The data demonstrates that a higher percentage of polluting industries is found in areas with a high share of fossil energy usage. The process of economic development requires the consumption of a large number of energy resources and the need to invest a large amount of money in crowding out the investment in clean industries and energy, which leads to a more significant impact of ECS on GED in regions with a high proportion of fossil energy consumption. In contrast, the environmental benefits of ECS are relatively small when regional fossil energy consumption is low. Therefore, it is essential to improve the ability of regions with a high share of coal to transform their energy consumption structure to exert a positive effect on GED.
TABLE 10 | Coal share heterogeneity test.
[image: Table 10]As a result of China’s significant regional variations in energy distribution, GED shows regional differences in spatial distribution. The study was carried out separately from the eastern, central, and western regions. Therefore, the three regions were tested for heterogeneity. Table 11 illustrates the impact of optimizing ECS on the region, which is presented as Central Region > Western Region > Eastern Region. However, optimizing ECS affects the neighboring regions and the total effect, presenting the Western region > Central region > Eastern region. From the perspective of the eastern region, the coefficients of the direct, indirect, and total effects of optimizing ECS are 0.292, 0.627, and 0.918. This shows that the eastern region, because of its economic and technological advantages, has a larger share of clean energy and a faster energy transition and upgrading. These energy transitions and upgrades have not only exerted environmental effects locally but have also had a positive impact on neighboring regions. In addition, the eastern region has a better foundation for a green economy, which creates a good synergy effect with the upstream and downstream industries in the neighboring regions. This synergistic effect not only promotes the development of local GED but also positively affects the development of GED in the neighboring regions. However, they are less than the regression coefficient values of national ECS optimization. Because the eastern region holds a strong industrial base, perfect technological facilities, faster economic development, and a higher level of GED, while the energy endowment is relatively scarce compared to the other regions, GED improvement mainly relies on perfect infrastructure and economic conditions, so the positive impact of optimizing ECS on the GED is relatively small. From the perspective of the central regions, the coefficients are 0.635, 1.030, and 1.565. As for the western regions, the coefficients are 0.406,1.286 and 1.692. The central and western regions are close to the regression coefficient value at the national level. It demonstrates that the positive effect of optimizing ECS on GED is higher in the central and western regions because the central region’s economic foundation, social innovation, and other capabilities are weaker. The driving effect is smaller, but the central and western regions are rich in resources, with a wide range of energy sources and superior geographic conditions, so the positive impact of optimizing ECS on the GED is stronger.
TABLE 11 | Regional heterogeneity analysis.
[image: Table 11]5.5.2 Impact mechanism analysis
To prevent the issues of multicollinearity and endogeneity, this study adopts a two-step method to analyze the mechanism. From the results of the baseline analysis (1) and (2) columns (Table 12), it can be seen that the coefficients are 1.205 and 1.120, and they are all significant. The ECS coefficients in columns (3) and (4) are 1.104 and 1.176, showing that the ECS improves the GED by optimizing the industrial structure. The upgrading of the ECS will lead to the optimization of the industrial structure, the optimization of the industrial structure reduce the share of polluting industries, and promote the development of emerging industries, which in turn become the driver of the coordinated economies and environments, then promote the level of GED. The study results show that optimizing ECS can improve GED through optimizing industrial structure. Therefore, H3 is verified.
TABLE 12 | Mechanism analysis.
[image: Table 12]5.5.3 Moderating effect analysis
Through the above analysis, it is found that there is a significant positive correlation between ECS and GED. To further explore the relationship between the two, technological innovation and public concern are substituted into the model (5), and the interaction terms of ECS and moderating variables are added separately to observe whether there is a moderating effect.
The coefficient of the interaction term of technological innovation and ECS is 0.773 in column (2) of Table 13, and it is significant at the 5% level. Upgrading energy structures requires higher technical support, which drives technological innovation. Technological innovation improves production efficiency while reducing environmental pollution and accelerating the realization of greening, so technological innovation plays a positive moderating role in ECS promoting GED. The moderating effect of public attention on the effect of ECS on GED was 1.089 and significant at the 5% level. The public’s high demand for the living environment enables them to pay more attention to the environmental field. The public can monitor energy use and pollution emissions by businesses. They can pressure these businesses through public opinion and encourage the adoption of clean energy. Furthermore, the public can advocate for environmental improvements by presenting proposals to the government to enhance environmental policies and strengthen the impact of environmental corporate social responsibility on global economic development.
TABLE 13 | Moderating analysis.
[image: Table 13]Compared with previous studies (Liu J. et al., 2023; Zhao X. et al., 2022) in exploring the relationship between energy and the green economy, this study constructs a comprehensive indicator system for green economic development, which includes three significant aspects: economic, social and environmental. In addition, it uses spatial econometric models to analyze the link between energy consumption structure and green economic development among regions, overcoming the limitations of existing literature (Khan Syed., et al., 2021; Lin B. et al.). At the same time, this study further analyzes the mechanism variables and regulating variables, which enriches the research content. Considering the resource endowment between regions and the spatial agglomeration type presented by GED, the spatial effects are decomposed from the east, middle and west of China.
6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Analysis of findings
By analyzing how the ECS affects the GED, this paper draws several conclusions.
(1) The overall development of China’s GED shows a fluctuating upward trend. However, there is a regional development imbalance, and the development level of the eastern region is significantly higher than that of the central and western regions.
(2) The optimization of ECS contributes significantly to the improvement of GED, and this finding is still valid after robustness tests. Moreover, this positive effect is enhanced by innovation and public attention. The effect of optimizing ECS on GED has an apparent spatial spillover effect. The optimization of ECS in neighboring regions also promotes the increase of GED in the region, and this feature is more obvious in the central and western regions.
(3) Heterogeneity analysis shows that the direct effect of ECS optimization on GED is more pronounced in regions with a higher share of coal. The spatial effect of ECS optimization on GED is shown as Central Region > Western Region > Eastern Region. The total effect of the upgrading of the energy consumption structure and its impact on surrounding areas is shown in the following regions: Western region > Central region > Eastern region.
(4) The analysis of the mechanism effect shows that upgrading industrial structure is the main mechanism for optimizing ECS on GED.
6.2 Policy implications

(1) First, optimizing ECS is an essential factor in promoting GED. Therefore, it will be an inevitable choice to promote the development of ECS vigorously. The proportion of clean energy in production should be continuously increased. Local governments should strengthen the research and development and application of new energy technologies to improve energy utilization efficiency and reduce pollution emissions. Through financial and human resource support and cooperation with universities and research institutes, the innovation capacity of green technology can be improved. Through innovation, the role of clean energy in GED can be enhanced. In addition, publicity and education will lead the public to increase their supervision of environmental pollution, raise their concern for the green economy, and force enterprises to upgrade their energy structure.
(2) Coordinated the development of GED based on spatial relevance. When energy restructuring is done in different locations, the spatial relevance of the optimization of ESC needs to be considered. It should be possible for clean energy to move from the west to the east and for technology to move from the east to the west. Areas with higher GED levels should bring the driving effect into full play and take advantage of the economic foundation and sufficient environmental protection experience to build an inter-regional experience-sharing and synergistic green development model and realize the linked regional green economic development. Moreover, removing the administrative barriers between regions and encouraging coordinated regional GED is critical.
(3) Further optimize the joint energy consumption structure upgrade policy. The spillover effect of optimizing ECS shows that separate energy upgrading policies cannot fundamentally solve the problem, and regions should establish the concept of cooperative operation and strengthen policy communication and coordination. As a matter of fact, there are differences between regions in terms of economic degree and energy consumption. When implementing joint prevention and control policies, the main responsibility of green economy development should be taken into account. In particular, regions with a higher share of coal consumption and the central and western regions should not only take the main responsibility in pollution prevention and control but also be more obvious in the ECS effect on GED. The energy consumption structure transformation program should be implemented according to the local situation, and the higher level government should preside over the development of a common program for regional green economy development and continuously utilize the advantages of the system to promote the improvement of the GED level.
(4) Comprehensively understand the mechanism role of industrial structure optimization. Enterprises are responsible for adapting to environmental changes, eliminating polluting industries, changing their development mode, and protecting GED development. The government ought to consider enterprises’ unique circumstances, support the optimization and transformation of conventional industries, promote the fusion of industry and renewable energy, and accelerate the formation of new low-carbon environmental protection industries.
Although this study has effectively explored the effect of ECS on GED, there are some drawbacks. First, we take the whole country as the research object and lack research on specific regions. Therefore, future scholars can further broaden the relevance of the sample. Second, this study primarily focuses on the ECS mechanism on GED from the standpoint of optimizing industrial structure. There might be additional ways that ECS influences GED. Third, due to data limitations, we only conducted a macro-level study. In the future, scholars can use new research methods to conduct more analysis at the micro level.
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