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Introduction: Economic development is not simply the accumulation of elements, but the improvement of efficiency, which is supported by infrastructure construction. In particular, the urban green and smart development (UGSD) in recent years has put forward higher requirements for infrastructure, and domestic trade as well as opening-up are of great significance during the process.
Methods: Based on the panel data of 221 prefecture-level cities in China from the year of 2005 to 2019, this paper adopts the undesirable SBM model and GML index to measure the level of UGSD. Then the spatial Durbin model is conducted to explore the direct spatial spillover effects and the spatial decomposition effects of energy, transportation, and information infrastructure on UGSD. Considering the context of dual cycle, the indirect effects of domestic trade and opening-up between infrastructures and UGSD are further analyzed.
Results: Results show that UGSD demonstrates strong spatial agglomeration and maintains a stable spatial positive correlation with different spatial matrices. In general, energy and transportation infrastructure show positive spatial spillover effects on UGSD. By contrast, information infrastructure presents positive spatial spillover effect on UGSD on the whole, while shows insignificant and negative spatial spillover effect with geographical distance matrix. Furthermore, the mediation effect indicates that both transportation and information infrastructure mainly promote local and adjacent cities’ UGSD through domestic trade with economic distance matrix. By contrast, energy infrastructure exerts positive spatial spillover effect on UGSD through weakening the negative impact of opening-up.
Discussion: The conclusions of the research show that it is necessary to construct infrastructure in a reasonable way, strengthen the positive spillover effect of intercity factors, and promote the two-wheel driving effect of domestic trade and opening-up on the relationship between infrastructure and UGSD.
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1 INTRODUCTION
China’s current economic model is shifting to the stage of high-quality development (Xu et al., 2022); carbon peaking and carbon neutralization have put forward higher requirements for the green and low-carbon transformation of the economy. Green and smart development which includes resource conservation, ecological protection, and environmental governance (Du et al., 2020; Xu et al., 2021; Liao and Li, 2022) has become the crucial means to solve the contradiction between rapid economic growth and environmental problems (Li et al., 2019; Shamsuzzoha et al., 2021). Furthermore, as an important carrier, great importance has been attached to the role of infrastructures in achieving high-quality development. Under the dual background of the accelerated development of infrastructure and low-carbon economic transformation, it is urgent to explore the logical framework between infrastructures and urban green and smart development (UGSD), which responds to the realistic demand of China’s high-quality economic development.
UGSD is a sustainable development mode, considering the constraint of resource and environmental capacity, which includes economic, energy, and other elements (Hao and Zhu, 2019; Moura and Silva, 2019; Jiang et al., 2021; Liao and Li, 2022). As such, many comprehensive evaluation indexes from multi-dimensional and multi-level perspectives were conducted to analyze the level and evolution characteristics of UGSD, and the data envelopment analysis (DEA) was primarily adopted to measure UGSD (Hao and Zhu, 2019; Du et al., 2020). Furthermore, the green total factor productivity (GTFP) containing energy consumption and undesirable output could estimate the efficiency of DMU (Decision-Making Unit) from the perspective of input-output, which is an objective and effective method (Liu et al., 2016; Jiang et al., 2021). Therefore, it has become an important criterion to measure UGSD due to its stronger inclusiveness (Yuan and Liu, 2019; Xu et al., 2022). As for the influencing factors of UGSD, existing literature mainly explored the impact of FDI (Gao et al., 2022; Xu et al., 2022), economic agglomeration (Hao et al., 2022), environmental regulation (Feng et al., 2021), and technological progress (Sun et al., 2022) on UGSD. Additionally, the technological innovation and information level would also effectively promote urban governance and service efficiency besides the energy element and release their supporting role for UGSD (Xu et al., 2021; Han et al., 2023).
UGSD also requires carriers to achieve corresponding goals, among which infrastructures are fundamental (Nondo, 2018). As the balanced growth theory points out, infrastructure is a prerequisite for economic growth (Chen et al., 2020), and it could promote urban transformation through the optimization of industrial structure and the structure upgrading of energy consumption (Xu et al., 2021). Studies have shown that infrastructure plays an important role in promoting urban development, especially in regional innovation, economic growth, and green development (Bronzini and Piselli, 2009; Bresson et al., 2016; Wang J et al., 2022; Zhang and Zhou, 2023), and the positive effect is more significant in lagging areas (Odongo and Kalu, 2016). As the representative scholar Aschauer (1989) pointed out, the stock of infrastructure such as highways and airports has a strong explanation for economic growth, which has been largely supported in later research. For instance, Bronzini and Piselli (2009) and Álvarez-Ayuso et al. (2011) found that infrastructure showed a positive impact on total factor productivity, and this conclusion worked well in both Italy and Mexico. Nondo (2018) focused on 26 African countries and found that infrastructure development is conducive to economic growth. With a large population and uncompleted urbanization, infrastructure construction is an inherent demand for economic and social development in China. As such, China’s cities have actively deployed key infrastructure construction related to energy, transportation, and information, recently, to provide fundamental support for UGSD. Demurger et al. (2001) found that the stock of infrastructure, especially transportation infrastructure, is an important factor affecting the difference in economic growth performance among regions in China. Liu and Hu (2010) also affirmed the positive role of infrastructure on economic growth. Furthermore, infrastructure could release spatial spillover effects by promoting the flow of the production factor and extending the externality to the development of adjacent regions (McCartney, 2022). Additionally, infrastructure could also promote urban accessibility and facilitate technological innovation, which is conducive to evoking spatial preferences and agglomeration (Xie, 2018; Zeng et al., 2019). Konno et al. (2021) empirically analyzed the productivity effects of road infrastructure incorporating spatial spillover effects using a global database, and the statistical tests suggest that the direct impact of road infrastructure is significantly negative, the spatial spillover effect is significantly positive, and the overall effect is positive but insignificant. Marinos et al. (2022) applied a dynamic Durbin spatial model to estimate the spatial spillover effect of transportation infrastructures in the Greek economy, and results showed that the spillover effects of transport infrastructures are present and statistically significantly affect the regional product. Wang J et al. (2022) took the traffic infrastructure of 41 prefecture-level cities in the Yangtze River Delta as research objects and found that the transportation infrastructure of each city not only drives its own economic growth but also has a positive spatial spillover effect on the economic growth of adjacent areas. Previous research has given large evidence for the significance of infrastructure, which provided valuable experiences for our studies. However, the element input of infrastructure construction and the waste brought by reproduction may lead to more pollution, and the scale economy caused by factor agglomeration might also result in resource allocation distortion and inefficient utilization (Kong et al., 2018; Akbar et al., 2021; Yang et al., 2021), which would cause potential inhibition on UGSD. For example, Puga (2002) pointed out that the growth of infrastructure such as energy and transportation aggravated environmental pollution, which further threatened the health of residents. Furthermore, transportation infrastructure could reduce logistics costs and promote resource circulation, while also accelerating the resource flow to large cities. In consequence, the siphon effect and the differentiation degree of the regional economy would be deepened (Zhang et al., 2018).
Except for the direct effect, scholars have also explored the indirect effect from multiple perspectives. Li and Yao (2022) found that digital infrastructure investment mainly promotes the green growth of manufacturing by promoting technological progress and technological efficiency. Moreover, the mechanism of industrial and talent agglomeration (Cheng and Hu, 2019; Liu et al., 2022) and international trade (Peng et al., 2021) have also been explored between infrastructure and UGSD. As a result, infrastructure could enhance the intercity connections by factor flow, and the spatial spillover effect of infrastructure on UGSD would be further strengthened. The report of the 20th National Congress of the Communist Party of China further emphasized the construction of transportation and network infrastructure as an important direction for the “double cycle” development pattern. However, the roles of domestic trade and opening-up, especially under the dual circulation development mode of international and domestic markets, have not been given enough attention.
Accordingly, existing literature mainly explores the influencing factors of UGSD from the perspective of the economy, environmental regulation, and innovation, which ignores the important role that infrastructure may play. Furthermore, previous literature provides abundant evidence for understanding the direct impact of specific infrastructure on UGSD and provides a preliminary analysis of its spatial spillover effects. However, it is worth emphasizing that these studies have neglected the spatial spillover impacts of different infrastructures on UGSD from both direct and indirect perspectives. As for the influencing mechanism, previous literature mostly focused on innovation or international trade. Under the context of the double cycle, urban green development has ushered in a new opportunity; however, the roles of domestic trade and opening-up between infrastructure and UGSD have not been explored in depth. Therefore, a more comprehensive perspective considering both domestic and international lenses needs to be deeply explored. Finally, in existing related research, few works of literature consider the heterogeneous spatial correlation of variables, which may lead to bias in the conclusion.
Compared with existing studies, the possible marginal contributions of this study are as follows. First, we expand the research framework for the analysis of the influencing factors of UGSD from the perspective of different infrastructures. Figuring out the comprehensive roles of infrastructure construction and UGSD is the production basis for understanding the transformation of the economic development model. Second, we provide reliable empirical support for understanding the important role of domestic trade and opening-up in the process of transitioning to green and smart development. Furthermore, we expand the spatial empirical model, taking into account the geographical adjacency matrix, geographical distance matrix, and economic distance matrix to explore the heterogeneous relation between infrastructure and UGSD. The remaining parts of this study are organized as follows. Section 2 provides a theoretical analysis and research hypotheses. Section 3 introduces the research design and variable description of this research. Section 4 shows the empirical results and detailed analysis of the spatial spillover effects, decomposition effects, and mediation effects of domestic trade and opening-up. Furthermore, the discussion and robustness test are shown. Section 5 presents the conclusions, implications, limitations, and future work of this study.
2 THEORETICAL ANALYSIS AND RESEARCH HYPOTHESES
2.1 The direct effect of infrastructure on UGSD
Due to the complex economic relations among cities, adjacent cities often interact with each other in the process of social and economic development. Meanwhile, adjacent cities are more likely to learn about others’ successful governance experience, which is conducive to strengthening the circulation and integration of resources and elements among them. As the critical foundation of UGSD, infrastructure could affect UGSD through trade exchange, learning by imitation, and innovation spillover among regions. According to the functional standards, infrastructure can be divided into three types: economic infrastructure, social infrastructure, and administrative infrastructure. Considering the research characteristics of this paper, such as externality and network properties, and the availability of data, the economic infrastructure including energy, transportation, and information was selected.
2.1.1 Energy infrastructure and UGSD
Energy infrastructure provides important public products such as thermal power stations and hydroelectric stations for social production and operation. It is the foundation of social production and is of great significance to the sustainable development of cities (Xie, 2018). Energy supply and demand among cities are mostly constrained by resource endowment, geographical conditions, and other factors. As such, energy infrastructure, especially the construction of renewable energy, could optimize energy consumption structure and ease the imbalance of energy supply and demand among cities (Guo et al., 2021), which is beneficial to releasing the positive spatial spillover effect among cities. In addition, there is heterogeneity in industrial structure among cities, and the intensity impact of energy infrastructure on different industries is also heterogeneous (Gao and Yue, 2020). For example, energy infrastructure projects such as power transmission from the West to the East in China could deliver clean and high-quality power to the eastern region, driving the economic development of western cities while promoting industrial adjustment and easing the energy shortage in the eastern cities (Han et al., 2020). Therefore, energy infrastructure is beneficial in promoting the complementation of resources and realizing the mutual development of the economy and environment among regions.
2.1.2 Transportation infrastructure and UGSD
Transportation infrastructure is characterized by the network’s external characteristics, which have a radiation effect on the development of adjacent areas. The construction of transportation logistics is constantly strengthened and the social division of labor is refined, which is conducive to regional economic growth, and transportation infrastructure directly promotes economic growth through the amplification of the investment multiplier (Wang L et al., 2022). On the one hand, transportation infrastructure could improve the accessibility and attraction of cities, and promote the flow of urban resources and elements (Xie, 2018; Wang L et al., 2022), which creates opportunities to learn advanced technology for urban green transformation. On the other hand, transportation infrastructure could also strengthen regional integration and optimize resource allocation among cities, thus promoting scale economics and improving urban productivity and living efficiency (Hao and Zhang, 2021). Therefore, transportation infrastructure would initiate a positive spatial spillover effect, which is conducive to achieving mutual development of local and adjacent cities.
2.1.3 Information infrastructure and UGSD
Information infrastructure could extend the width and breadth of information sharing and reduce the cost of information acquisition. The improvement of information infrastructure is conducive to breaking regional market restrictions and reducing coordination costs of enterprises, which is crucial to regional integrated market construction and beneficial to improving production efficiency through scale and intensive economy (Zhao et al., 2020). Furthermore, the upgrading and optimization of information infrastructure could break through temporal-spatial boundaries to promote resource matching degree and industrial agglomeration (Han et al., 2022). Also, information infrastructure provides a platform for joint technological innovation, which is conducive to achieving complementation of green technology and service among cities and improving the conversion rate of scientific and technological achievements (He and Ren, 2018; Yang and Liu, 2018). Therefore, information infrastructure creates favorable conditions for the flow of elements, enhancing the spatial spillover effect on adjacent cities.
Based on the above analysis, the following hypotheses are proposed:
H1. Energy infrastructure has a positive spatial spillover effect on UGSD.
H2. Transportation infrastructure has a positive spatial spillover effect on UGSD.
H3. Information infrastructure has a positive spatial spillover effect on UGSD.
2.2 The indirect effect of infrastructure on UGSD
In recent years, the Chinese government has built a new development pattern with the domestic great circulation as the main body and the domestic and international double circulation promoting each other. In domestic circulation, supply-side reform, industrial structure optimization, and scientific and technological innovations are the fulcrum to smoothen the internal circulation system and provide an inexhaustible driving force for economic development. At the same time, great importance has been attached to the support and guarantee function of the international circulation for the “double cycle,” promoting a higher-level opening strategy by deeply integrating into the global value division of the labor system. However, the roles of domestic trade and opening-up between infrastructure and UGSD have not been explored in depth. As such, domestic trade and opening-up are selected to analyze the indirect effect of infrastructure on UGSD.
2.2.1 Mediation effect of domestic trade
2.2.1.1 The effect of infrastructure on domestic trade
Economic infrastructure provides the foundation for urban production and factor flow, which create favorable conditions for mutual development among cities (Xu et al., 2021). From the perspective of trade costs, infrastructure could lower transportation costs, reduce losses caused by information asymmetry, and improve resource allocation efficiency (Liu et al., 2020). As such, the domestic trade scale could be expanded and the trade structure could be optimized. Moreover, infrastructure also promotes product trade through the complementation of supply-demand among cities, enhancing the coordinated development of the regional economy and optimizing the spatial distribution of domestic industries.
2.2.1.2 The effect of domestic trade on UGSD
The impact of domestic trade on UGSD could be reflected in the following aspects. First, domestic trade could affect UGSD through the spatial spillover effect. Inter-city trade provides opportunities to gain advanced knowledge, technology, and governance experience, which might affect cities’ industrial structure, economic growth, and competitive advantage. Furthermore, the element introduction from other cities could strengthen the positive effect of technological innovation on UGSD through the spillover effect (Zhang, 2021). Second, domestic trade could affect UGSD through the scale effect. That means domestic trade could affect UGSD by broadening the trade scale, enhancing intercity connection and economic integration, thus promoting urban productivity efficiency (Ma et al., 2019). Third, domestic trade could affect UGSD through the competitive effect. In a market-oriented economy, cities as supposed to improve productivity and reduce costs by encouraging product and technological innovation and reducing outdated manufacturing facilities, which is conducive to maintaining their competitiveness in domestic and overseas. Therefore, the level of UGSD could be improved.
2.2.1.3 The mediation effect of domestic trade between infrastructure and domestic trade
Infrastructure could promote domestic trade based on its carrier function, which further makes a difference to UGSD. For example, energy and transportation infrastructure could reduce logistic costs and enhance the complementation of supply-demand (Xie, 2018; Guo et al., 2021). As such, UGSD could be promoted through element conversion and industry upgrading. Furthermore, information infrastructure lays a solid foundation for information sharing, providing basic support for promoting the scope and speed of information exchange among cities (Ma et al., 2019). Thereby, green economic growth could be achieved through the spillover effect of knowledge as well as productive elements (Huang et al., 2019; Zhao et al., 2020).
Based on the above analysis, the following hypotheses are proposed:
H4. Infrastructure promotes UGSD through domestic trade.
H4a. Energy infrastructure promotes UGSD through domestic trade.
H4b. Transportation infrastructure promotes UGSD through domestic trade.
H4c. Information infrastructure promotes UGSD through domestic trade.
2.2.2 The mediation effect of opening-up
2.2.2.1 The effect of infrastructure on opening-up
Well-designed infrastructure could reduce the hidden cost and risk for foreign investors in transportation distance, informational island, and energy supply, thus improving the possibility of project operation profitability. The improvement of infrastructure is conducive to accelerating industrial agglomeration, promoting production convergence, reducing innovation costs, and attracting high-quality foreign investment (Tian and Li, 2019; Hao et al., 2022). For instance, information infrastructure could break market restrictions among cities, optimize the structure of opening-up, and enhance the attractiveness of international resources (Huang et al., 2019). Additionally, the development and application of information technology would reduce the revenue loss caused by time delay, which is beneficial to deepening the global division of labor and cooperation, promoting international trade interaction, and absorbing advanced experience (He and Ren, 2018).
2.2.2.2 The effect of opening-up on UGSD
Research has tested that expanding openness could exert bilateral impacts on China’s environment and economy. Proponents of the “Pollution Paradise Hypothesis” argue that local governments are inclined to lower environmental standards to attract foreign investment (Zhang, 2016), which may lead to environmental pollution problems. However, the opening economy could also bring advanced technologies, promote local industrial structure, and unleash knowledge spillover effects (Gao et al., 2022), which help to facilitate urban green transformation through technological innovation as well as the upgrading of production elements (Yoon and Nadvi, 2018). These findings support the “Pollution Halo Hypothesis.”
2.2.2.3 The mediation effect of opening-up between infrastructure and UGSD
Opening economies emphasize the utilization and interaction of foreign resources, and infrastructure provides a convenient condition and fundamental support for element flow (Mao, 2012). For instance, energy infrastructure is conducive to increasing the proportion of clean energy, adjusting the energy consumption structure, and improving the efficiency of asset operation. Transportation infrastructure could enhance inter-regional cooperation as well as innovation (Xie, 2018). Therefore, adjacent cities’ UGSD would be promoted through clean raw materials usage and collaborative innovation. Furthermore, information infrastructure provides a platform for internationalization and improves the efficiency of transnational communication (Huang et al., 2019). Meanwhile, transnational investment could promote the technological progress and economic growth of the host country (Ma et al., 2019). As such, advanced technology and governance experience brought by opening-up could accelerate the spillover effect of production elements, which favors UGSD.
Based on the above analysis, the following hypotheses are proposed:
H5. Infrastructure promotes UGSD through opening-up.
H5a. Energy infrastructure promotes UGSD through opening-up.
H5b. Transportation infrastructure promotes UGSD through opening-up.
H5c. Information infrastructure promotes UGSD through opening-up.The theoretical framework is constructed based on the above analysis, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Theoretical framework diagram.
3 MODEL CONSTRUCTION AND VARIABLE SELECTION
3.1 Empirical model
3.1.1 Spatial regression model
The spatial model mainly consists of the spatial auto-regressive model (SAR), spatial error model (SEM), and spatial Durbin model (SDM). Among them, SAR is established as follows:
[image: image]
SEM is constructed as follows:
[image: image]
In Eqs 1, 2, Xit represents the independent variable, Yit denotes the dependent variable, β is the coefficient of the corresponding independent variable, ρ is the coefficient of the dependent variable, εit represents the random disturbance term, and δit represents the unobservant factor.
Based on SAR and SEM, SDM is extended by comprehensively considering the spatial lag factors of independent and dependent variables, which is constructed as follows:
[image: image]
Where i denotes the region, t represents time, and Xit represents core independent variables, namely, energy, transportation, and information infrastructure. Economic development level, industrial structure, human capital level, and government size are selected as control variables. Additionally, Yit represents the dependent variable of UGSD, W represents the spatial weight matrix, WXit represents the space-dependent explanatory variable, and WYit is the space-dependent explained variable.
3.1.2 The mediation effect model
Referring to Wen and Ye (2014), this paper adopts the step-by-step regression method to test the mediation effects of domestic trade and opening-up on the relationship between infrastructure and UGSD. The regression model combined with the spatial weight matrix is expressed as follows:
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Where X denotes the independent variable, Y represents the dependent variable, M represents the mediator variable, and e1, e2, and e3 represent the regression residual.
3.1.3 Spatial weight matrix
The spatial weight matrix denotes the spatial dependence characteristics of elements, which mainly consists of the geographical adjacency matrix, geographical distance matrix, and economic distance matrix. Accordingly, this paper adopts these three matrices to construct the spatial regression model and the geographical adjacency matrix is expressed as follows:
[image: image]
Where the items of i and j represnet city i and city j, respectively.
The geographical distance matrix is constructed as follows:
[image: image]
Where dij represents the longitude and latitude of city i and city j, which is obtained from the National Center for Basic Geographical Information. In this paper, the inverse of the square distance between city i and city j was adopted to depict their geographical distance.
The economic distance matrix is constructed as follows:
[image: image]
Where pgdp is the per capita GDP. To make the spatial lag term include the meaning of a weighted mean, all the spatial matrices were row-normalized, and their diagonal elements were zero.
3.1.4 Moran index
The Global Moran Index (Moran’s I) is widely adopted to test whether the variables have spatial agglomeration characteristics, which is calculated as follows:
[image: image]
Where [image: image], and the value of Moran’s I belongs to (−1, 1); when Moran’s I > 0, it indicates a positive spatial correlation for the variable, otherwise a negative spatial correlation. Moreover, when Moran’s I = 0, it indicates that the spatial distribution is random and there is no spatial correlation.
3.2 Variable description and data sources
3.2.1 Primary variable
3.2.1.1 Explained variable
UGSD is calculated by the undesirable SBM model and the GML (Global Malmquist-Luenberger) index referring to Xu et al. (2021). The non-angular and non-radial SBM model containing the undesired output is as follows:
[image: image]
Where [image: image] is the ratio of actual input-output relative to the average narrowing and expansion of technological frontier; [image: image] denotes the quantity of input, expected and unexpected output, respectively; and [image: image] are the corresponding relaxation variables. The SBM model has a defect, that is, the efficiency value calculated by the SBM model is always maintained in the interval of (0, 1). The DMU (Decision-making Unit) with a value of one is valid, while less than one will be considered invalid. This prevents us from comparing the combined technical efficiencies among cities. As such, the GML index is combined into research.
Referring to Tone (2001), a production possibility set (PPS) containing both desired output and undesired output is constructed. Assuming that N factors [image: image] are adopted in each DMU, then M desired output [image: image] and I undesired outputs [image: image] could be obtained. The GML index from the time serial of t to t + 1 is defined as follows:
[image: image]
Where [image: image] denotes the global directional distance function [image: image], which is determined by the global production possibility. The [image: image] represents the variation of the UGSD level from the period of t to t + 1 and [image: image] indicates that the UGSD level of t + 1 has increased since t. Referring to previous studies (Du et al., 2020; Wang and Wang, 2021; Xu et al., 2021; Xu et al., 2022), the input-output indicators are selected as shown in Table 1.
TABLE 1 | Input-output indicators of UGSD.
[image: Table 1]According to the research by Zhang et al. (2004), the capital stock from 2005 to 2019 is calculated by the perpetual inventory method, and the regional GDP is represented by the real GDP, in which the year 2005 is taken as the base period. Furthermore, the entropy value method with the time variable is adopted to calculate the desired output indicator by the harmless disposal rate of domestic garbage, sewage treatment rate, green coverage rate of built-up area, and undesired output indicator by discharge of industrial wastewater, industrial smoke, dust emissions, and industrial SO2 emissions, respectively.
3.2.1.2 Explanatory variable
Considering that social infrastructure and administrative infrastructure involve the departments that provide intangible products such as culture, the relevant content cannot be defined accurately, and the data is limited, so this paper only studies the economic infrastructure. Referring to Fang et al. (2020), this paper chooses three infrastructures. ①Energy infrastructure (ener) is measured by the total amount of gas supply, referring to Xie (2018). ②Transportation infrastructure (traff). As 70% of domestic freight is transported by highway in China, the highway mileage is expressed by the proxy index of transportation infrastructure. ③Information infrastructure (infor). Given that telecommunication service revenue is a comprehensive index reflecting the output of information infrastructure (Liu and Hu, 2010), this paper adopts it to represent infor.
3.2.1.3 Mediation variable
Under the context of the double cycle, the long-term development of the economy needs to explore and expand the consumer demand of the domestic market and strengthen the domestic market trade scale. At the same time, it is necessary to promote the coordinated development of domestic trade and opening-up to optimize resource allocation and promote international cooperation, which could provide new sources of impetus for UGSD. Therefore, this paper selected domestic trade and opening-up to analyze the indirect effect of infrastructure on UGSD referring to previous research (Fan et al., 2017; Gao et al., 2022). Specifically, domestic trade (trade) is denoted by the ratio of total retail sales of consumer goods to GDP, and opening-up (open) is represented by the ratio of actually utilized foreign capital to GDP in the year.
3.2.2 Control variable
Cities with high economic development levels will have greater support for technological innovations and more investment in pro-environmental issues and infrastructure construction. As a consequence, the urban GSDL would be enhanced (Xu et al., 2021). Furthermore, industrial emissions are the main sources of pollution, which directly restrict urban green development; therefore, it is necessary to enhance the urban GSDL by innovating and upgrading the industrial structure (Xu et al., 2022). Additionally, the optimization of human capital elements is conducive to accelerating innovation and technology accumulation, and the development of the city cannot be separated from the financial support of the government. As such, based on the existing literature, this paper adopts the economic development level (pgdp), industrial structure (str), human capital level (hc), and government size (gover) to control the influence of external factors on UGSD, which are measured by per capital GDP, the proportion of the tertiary industry, the number of college students (Du et al., 2020), and the ratio of government fiscal expenditure to GDP, respectively. Table 2 shows the descriptive results of all variables adopted in this paper.
TABLE 2 | Descriptive results of data.
[image: Table 2]3.2.3 Data source
The data adopted in this paper were mainly obtained from the “China Urban Statistics Yearbook,” “Statistical Yearbook,” and “Science and Technology Yearbooks” of provinces and cities from the year 2006 to 2020 as well as the “Statistical Bulletin” of provinces and cities from the year 2005 to 2019. To ensure the credibility of the research results, samples with many missing data were excluded, and some missing data in the samples were supplemented by the linear interpolation method based on the variation trend. As such, these balanced panel data of 221 prefecture-level cities in China from the year 2005 to 2019 were obtained, and all the data were truncated by 1% front and back to overcome the influence of extreme data.
4 RESULTS AND DISCUSSIONS
4.1 Spatial correlation analysis
Based on the tools of Geoda10.1 and Stata15, the results of the global Moran index for UGSD from the year 2006 to 2019 (the year 2005 is missing because it is the default base period) were obtained, which is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The Global Moran Index of UGSD and its significance level.
Figure 2 shows that most of the results of the global Moran index are significant with these three spatial matrices, indicating that UGSD is spatially correlated. The spatial correlation coefficients show a fluctuating and upward trend on the whole.
Furthermore, the Wald and LR tests are adopted to test the rationality of SDM, as shown in Table 3.
TABLE 3 | Spatial model tests.
[image: Table 3]Theoretically, if the null hypothesis is significantly rejected, then the SDM should be adopted in further spatial regression. Table 3 shows that the results of Wald and LR tests are all significant at the level of 5% (p < 0.05), indicating that the SDM should be adopted in further research. Moreover, the Hausman test results show that the p-values are less than 0.01, indicating that SDM with fixed effects should be adopted.
4.2 Spatial spillover effect of infrastructure
As such, Table 4 shows the spatial regression results with the geographical adjacency matrix, geographical distance matrix, and economic distance matrix.
TABLE 4 | Spatial spillover effect regression results.
[image: Table 4]As shown in Table 4, there are positive spatial spillover effects of energy and transportation infrastructure on urban green and smart development in general. Among them, the positive spatial correlations between transportation infrastructure and urban green and smart development are more significant. The results are consistent with previous research (Liu and Hu, 2010). Transportation infrastructure could improve the accessibility and resource flow of cities, which provide opportunities to share advanced technology and deepen cooperation in production (Wang J et al., 2022). As a result, the positive spatial spillover effect of transportation infrastructure could be magnified. However, the result of the positive spillover effect of energy infrastructure on urban green and smart development is contrary to the research findings of Xie (2018). This is mainly because of the continuously optimized energy consumption structure and the development of smart energy technologies in China, which have provided a good foundation for urban sustainable development. In contrast to energy and transportation infrastructure, the positive spatial spillover effect of information infrastructure on urban green and smart development is only significant at the level of 10% with the geographical adjacency matrix and economic distance matrix, and the coefficients are 0.0190 and 0.0543, respectively. Moreover, the spatial spillover effect of information infrastructure on urban green and smart development with a geographical distance matrix is insignificant and negative. The possible reason is that as the integration rate of information infrastructures, such as 5G base stations, and hardware facilities, such as computers, continues to increase, the large-scale use of electrical equipment will increase power and energy consumption (Pothitou et al., 2017), thus exacerbating environmental pollution. Zhang et al. (2022) pointed out that information infrastructure can effectively improve air quality though its spatial spillover effect is not obvious, which is consistent with the findings of this paper.
As for the control variables, the economic development level shows a positive spatial spillover effect on urban green and smart development with the geographical adjacency matrix, while showing an inhibitory effect with the geographical distance matrix, which is consistent with the research findings of Yuan and Liu (2019). The government size only significantly promotes adjacent cities’ green and smart development with the geographical adjacency matrix, while the positive spillover effect could not be effectively released when there is a long geographical and economic distance. This is mainly because, with the increase in geographical and economic distance, less technical support and resource sharing could be obtained from cities with a larger government size, which is not conducive to the formation of a positive spatial spillover effect (Tang and Wang, 2015). Moreover, the spillover effect of the human capital level on urban green and smart development is not significant, which is mainly due to the mismatch between the structural demand for economic development and the supply of human capital (Zhang et al., 2018; Zhang and Hu, 2020).
4.3 Spatial effect decomposition
Based on the results of benchmark regression, the influence effects of energy, transportation, and information infrastructure on urban green and smart development could be further decomposed into average direct effect, average indirect effect, and average total effect. Table 5 shows the results of spatial effect decomposition with the three spatial matrices.
TABLE 5 | Spatial effect decomposition.
[image: Table 5]As shown in Table 5, the direct and indirect effects of energy, transportation, and information infrastructure on urban green and smart development are heterogeneous with different spatial weight matrices. In general, there are positive spillover effects of energy and transportation on local and adjacent cities’ urban green and smart development with the geographical adjacency matrix. This could be attributed to the construction of new energy systems and diversified transportation patterns, which are beneficial to cities’ low-carbon transformation and the promotion of urban green and smart development. By contrast, the effect of information infrastructure is only positive on local green and smart development, while its spillover effect on adjacent cities is insignificant.
According to Table 5, we know that the indirect effect of energy infrastructure on urban green and smart development is positive, whereas the direct effect is significantly negative, and the total effect on urban green and smart development is insignificant with the geographical distance matrix. With regard to transportation infrastructure, the results show that the direct, indirect, and total effects are all significant, among which the indirect effect is stronger than the direct effect. However, the indirect effect of information infrastructure on urban green and smart development is insignificant, indicating that geographical proximity could not enhance the positive spillover effects of information infrastructure on urban green and smart development. The possible reason is that even though the urban information level has improved in recent years, there is still a polarization phenomenon, resulting in the unbalanced utilization of urban information infrastructure. Furthermore, there are many information islands among different industries, groups, and systems, which makes it difficult to achieve open sharing. As such, the soft environment of information including information consumption capacity, in-depth exploration, and comprehensive utilization of information resources would be the main obstacle to urban green and smart development (Wang, 2014).
With the economic distance matrix, the decomposition effect coefficients of energy infrastructure are −0.0270, 0.0879, and 0.0610, respectively. That is, energy infrastructure would suppress local urban green and smart development while promoting the green and smart development of adjacent cities. Furthermore, its spatial spillover effect offsets the negative impacts on local urban green and smart development, resulting in its positive total effect. As for transportation infrastructure, there is also a positive spatial spillover effect on urban green and smart development, which is mainly because of the efficient resource utilization, optimized transportation system, and fewer logistics cost among cities brought about by transportation infrastructure (Konno et al., 2021; Marinos et al., 2022; Wang J et al., 2022). In addition, information infrastructure shows a positive spillover effect on adjacent cities’ green and smart development, while it shows an insignificant effect on local green and smart development. The reason may be that the cost of massive investment and long-term construction of local information infrastructure would not be compensated by scale and agglomeration economy in the early stage. However, the network characteristics of information infrastructure could offer opportunities for resource circulation, which could upgrade adjacent cities’ innovation and technology levels, while reducing the cost of information acquisition and resource integration.
4.4 Mediation effect of domestic trade and opening-up
Based on the above theoretical analysis, the mediation effects of domestic trade and opening-up are further explored, and the results of the mediation effect of domestic trade are shown in Table 6.
TABLE 6 | The mediation effect of domestic trade.
[image: Table 6]As shown in Table 6, domestic trade could not mediate the impact of energy infrastructure on urban green and smart development. The possible reason is that energy infrastructure mainly serves the production of the secondary industry; as such, the role of energy infrastructure in enhancing urban development through domestic trade could be limited. In contrast, transportation infrastructure could promote green and smart development of adjacent cities by improving domestic trade with the economic distance matrix, showing a positive spatial spillover effect, which is consistent with the findings of Liu and Hu (2010). Through the diffusion and linkage effect of resource elements, transportation infrastructure could stimulate commercial trade, optimize resource allocation, and enhance the green degree of urban productivity (Ma et al., 2019). In addition, domestic trade partially mediates the impact of information infrastructure on urban green and smart development only with the economic distance matrix. This may be due to the new generation of information technologies such as blockchain and 5G technology, which have greatly transcended the constraints of time and space, resulting in economic activities being more dependent on network proximity (Yoon and Nadvi, 2018). Therefore, the advantage of urban economic proximity transcends geographical proximity in the mediation effect of domestic trade.
The results of the mediation effect of opening-up are shown in Table 7. As can be seen, there are negative spatial spillover effects of energy infrastructure on opening-up with the geographical adjacency matrix and geographical distance matrix. However, the negative spatial spillover effect of information infrastructure on opening-up is significant with the geographical distance matrix, and the spatial spillover effect of transportation infrastructure on opening-up is insignificant with all three spatial matrices. When taking opening-up as the control variable into the regression model, the spatial spillover effects of energy infrastructure on urban green and smart development turn out to be significantly positive with the geographical adjacency matrix and geographical distance matrix, while the spillover effect of information infrastructure on urban green and smart development turns to be insignificant. As such, it could be concluded that energy infrastructure could release a positive spillover effect on urban green and smart development by reducing the negative impact of opening-up. This may be due to the fact that energy infrastructure could enhance the elasticity of the energy supply chain and promote energy utilization efficiency while reducing the rigid demand for energy imports, which provides a solid foundation for domestic productivity and industrial structure upgrading. On the contrary, opening-up fails to mediate the impact of transportation and information infrastructure on urban green and smart development. The possible reason is that advantageous conditions brought by transportation and information infrastructure including advanced technology, governance experience, and high-level talents could promote the level of opening-up. However, opening-up would also cause pollution transfer and energy consumption, and when the pollution haven effect exceeds the pollution halo effect, the effects of transportation and information infrastructure on local and adjacent cities’ urban green and smart development would be negative.
TABLE 7 | The mediation effect of opening-up.
[image: Table 7]4.5 Discussion
Considering the important role of infrastructure and the opportunity for the dual cycle, our research constructs a theoretical framework between infrastructure and urban green and smart development to explore the direct and indirect spatial spillover effects of different infrastructures on urban green and smart development. The main findings and hypotheses acceptance are shown in Table 8.
TABLE 8 | Hypotheses test.
[image: Table 8]This research has two main findings. The first finding is the significant positive correlation between infrastructure and urban green and smart development at the city level. Heterogeneously, energy and transportation infrastructure both show positive spatial spillover effects on urban green and smart development on the whole, and the positive effect of transportation infrastructure is more significant. Therefore, there are significant differences in the impact of infrastructure on urban green and smart development. Consistent with the findings of Konno et al. (2021) and Marinos et al. (2022), transportation infrastructure provides opportunities to learn advanced technology and improve the accessibility and resource flow of cities (Wang L et al., 2022). In consequence, it plays a prominent role in releasing a positive spatial spillover effect for the green transformation of adjacent cities. By contrast, the positive spatial spillover effect of information infrastructure on urban green and smart development is less significant. There is a possibility that as the spatial distance increases, the economic connections driven by the improvement of information infrastructure would fade gradually, thus suppressing its positive spatial spillover effect.
The second finding implies that domestic trade partially mediates the impact of transportation and information infrastructure on urban green and smart development only with the economic distance matrix. Transportation and information infrastructures show strong network features, which could break through temporal-spatial boundaries, achieve complementation of green technology and service among cities, and promote intercity trade (He and Ren, 2018; Yang and Liu, 2018), while energy infrastructure could release a positive spillover effect on urban green and smart development by reducing the negative impact of opening-up with the geographical adjacency matrix and geographical distance matrix. In line with the existing research, energy infrastructure could enhance the elasticity of the energy supply chain and promote energy utilization efficiency, while reducing the rigid demand for energy imports, which provides a solid foundation for foreign investment (Gao and Yue, 2020; Han et al., 2020). As Hu and Wang (2005) pointed out that compared with market openness, preferential policies, geographical location, and other factors, infrastructure construction is the most important factor to attract foreign direct investment.
4.6 Robustness test
In the spatial econometric model, the different weight matrices have a great influence on the estimation results. Considering the comparability of estimation results and the reliability of the conclusion, this paper adopts the following methods to conduct the robustness test. The results are shown in Table 9.
TABLE 9 | Robustness test results.
[image: Table 9](1) Adding control variables (Table 9, Column 2 and Column 3). The urban scale has been proved to be a symbol of its economic development, which was an essential condition for industrial agglomeration and acceleration of the industrialization process (Xu et al., 2022). Thus, this paper adopts the urban scale (scale) to control the potential influence of UGSD, which is measured by the urban total population at the end of the year. Cities with higher economic agglomeration tend to have more advanced and developed infrastructures. The decrease in commuting costs and information-sharing costs makes the connection between different enterprises more convenient and faster. Therefore, this paper selects the gross domestic product per unit of land area to represent economic agglomeration.
(2) Replacing the spatial weight matrix (Table 9, Column 4). Compared with the geographical adjacency matrix, the inverse distance spatial weight matrix (W4) could measure the relationship between farther spatial units. Thus, this paper adopts the inverse of the center geographical distance between two provinces. The dij represents the geographical distance between two cities measured by latitude and longitude. The setting matrix is as follows:
[image: image]
The estimation results are shown in Table 9, where we can conclude that there is no significant change in the significance and direction of the core explanatory variables, indicating that the research results are robust and credible.
5 CONCLUSION AND IMPLICATION
5.1 Research conclusion
Our research constructs a theoretical framework between infrastructure and urban green and smart development, which tries to elucidate the spatial spillover effects of different infrastructures on urban green and smart development with the three spatial matrices, reveal the multiple effects of different infrastructures on urban green and smart development from the perspectives of spatial effect decomposition, and provide new evidence for the mediation effects of domestic trade and opening-up. Based on the panel data of 221 prefecture-level cities in China from the year 2005 to 2019, urban green and smart development is measured with the undesirable SBM model and GML index, and the spatial Durbin model is adopted to explore the spatial spillover effect of infrastructure on urban green and smart development. Then, the decomposition of the spatial effect and the mediation effect of domestic trade and opening-up are analyzed. The main conclusions drawn are as follows:
First, the spatial spillover effects of three types of infrastructures on urban green and smart development are heterogeneous with the three spatial matrices. The direct effect of energy infrastructure on local green and smart development is negative, while the spatial spillover effect on adjacent cities is positive. Moreover, transportation infrastructure shows a positive effect on local and adjacent cities’ green and smart development. In contrast, information infrastructure shows a less significant positive effect in promoting green and smart development of local and adjacent cities. In addition, the decomposition results of the spatial effect show that energy and transportation infrastructure promote local and adjacent green and smart development with three spatial weight matrices, while information infrastructure only promotes adjacent cities’ development with the economic distance matrix.
Second, control variables show differential spatial spillover effects on urban green and smart development. In general, the economic development level shows a positive spatial spillover effect on urban green and smart development with the geographical adjacency matrix, while it shows a negative spatial spillover effect with the geographical distance matrix. Moreover, there is a positive spatial spillover effect of industrial structure on urban green and smart development only with the geographical distance matrix. Noticeably, the human capital level shows an insignificant spatial spillover effect on local and adjacent cities’ green and smart development, which is possibly due to the mismatching effect between economy demand and talent supply, and the rebound effect brought by technological progress. With the geographical adjacency matrix, government size could promote green and smart development of adjacent cities through the intercity demonstration effect and the competition-cooperation effect.
Third, as for the mediation effects of domestic trade and opening-up, they play heterogeneous roles between different infrastructures and urban green and smart development. From the perspective of domestic trade, transportation and information infrastructures could promote adjacent cities’ green and smart development through domestic trade with the economic distance matrix, while domestic trade does not mediate the impact of energy infrastructure on urban green and smart development with the three spatial matrices. On the contrary, energy infrastructure shows a positive spatial spillover effect on urban green and smart development by weakening the negative impact of opening-up with the geographical proximity matrix and geographical distance matrix. However, transportation and information infrastructure could not promote urban green and smart development through opening-up with the three spatial matrices.
5.2 Implications
Based on the above conclusions, the implications are put forward as follows:
First, infrastructures are required to be constructed in a reasonable way to augment their positive spatial spillover effect on urban green and smart development. In terms of energy infrastructure, a new energy system in which the green and low-carbon energy transformation is accelerated and carbon emissions responsibility is shared should be progressively implemented according to the energy production and consumption pattern of the city and its surrounding areas. Also, it is necessary to build a green and efficient transportation infrastructure, in which the proportion of railways and waterways in comprehensive transport should be increased, green logistics should be accelerated, and the concept of ecological protection should be integrated into the whole process of upgrading transportation networks. Furthermore, it is important to promote the integration of information infrastructure with the secondary and tertiary industries and promote their transformation into intelligent, digital, and networked industries. In addition, cities with advanced information infrastructure should be encouraged to spread the network effect to adjacent cities by improving the regional linkage and integration degree of information infrastructure. As such, a comprehensive driving force of energy, transportation, and information infrastructures would be formed to promote urban green and smart development.
Second, the polarization effect and siphon effect should be restrained while the positive spillover effect of intercity factors should be strengthened. Institutional barriers that hinder the market-based allocation of elements and the distribution of goods and services should be removed to form a unified, efficient, competitive, and open market. Furthermore, the coordinated transformation of upstream and downstream industries in energy, transportation, and information fields is supposed to be adjusted according to local conditions. Additionally, the spillover effects of high-quality talents should be enhanced to achieve integrated development of local and adjacent cities. Moreover, the administrative barriers are imperative to be broken to guide the participation of private capital in the green transformation of cities and encourage governments to establish a high-quality relationship of competition and cooperation among cities.
Third, the two-wheel driving effect of domestic trade and opening-up on the relationship between infrastructure and urban green and smart development should be promoted. On the one hand, to promote the domestic circulation of the national economy, we should optimize the supply structure and quality and strive to build a sound support policy system for expanding domestic demand. On the other hand, as the optimization of opening-up is as important as precaution of the negative spatial spillover effect on adjacent cities, thus the negative impacts of opening-up should be weakened through ecological compensation and joint innovation among cities. Moreover, it is necessary to enhance the positive interaction of infrastructures, domestic trade, and opening-up, form a coordinated development mode with multilateral cooperation, and augment the impetus of infrastructure for urban green transformation and upgrading.
This study has analyzed the spatial impacts of energy, transportation, and information infrastructures on urban green and smart development with different spatial matrices, which is meaningful in understanding the relationship between infrastructure and urban green and smart development from a more comprehensive lens. Under the context of the double cycle, the roles of domestic trade and opening-up between infrastructure and urban green and smart development have explored, and it would help China to seize the opportunities at home and abroad and promote the green transformation of cities. Although this study is conducted in the context of China, infrastructure construction and green transformation are common challenges for cities of all countries. Therefore, the research findings of this study could provide beneficial insights for countries with similar conditions. However, regardless of the positive results, there are still some limitations. Urban green and smart development is a complex system with multiple levels and structures. The level of development calculated by the undesirable SBM model and the GML index is a simple simulation of the whole system based on the input-output perspective, and further research is needed to develop a more robust evaluation method. In addition, as the indicators adopted to evaluate urban green and smart development are also closely related to sustainable development, so relative research could be further studied in the future, such as the impact of infrastructure on poverty alleviation and ecological optimization. Moreover, due to the data availability, this paper only focuses on the economic infrastructure; social infrastructure such as educational and medical infrastructures could be further studied. The indirect effect of the digitization level between infrastructure and urban green and smart development could be analyzed in future studies to extend existing research.
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