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Introduction: As a means of environmental regulation, the low-carbon city pilot policy aims to address climate change and alleviate environmental resource pressures in economic development. The development of low-carbon cities often requires changes to the existing industrial and energy structures, which will have a significant impact on the regional economy.Methods: The study is based on panel data from 273 prefecture level cities in China from 2012 to 2022, and uses the Analytic Hierarchy Process and Entropy Comprehensive Evaluation Method to construct an evaluation index system for urban circular benefits. Finally, the multiple time point differences model and mediation effect model were used to evaluate the impact and influencing factors of policies on urban economy.Results: The results indicate that at the 1% level, the explanatory variable coefficient significantly improves the level of urban circular economy development after adding control variables. The construction of low-carbon pilot cities has improved the performance of circular economy development by about 6.42%. The mediating effect of industrial structure rationalization is significantly positive at the 1% significance level, indicating that the construction of low-carbon pilot cities has greatly promoted the coordinated development of industrial relations within China’s low-carbon development regions.Discussion: It can be seen that the low-carbon city pilot policy has a significant promoting effect on China’s economic development and the development of urban circular economy. Therefore, it is recommended to further expand the pilot scope of low-carbon cities and fully leverage their promoting role.[image: Graphical Abstract]GRAPHICAL ABSTRACT | This article is based on panel data from 273 prefecture level cities from 2012 to 2012, and uses a multi time difference model to analyze the impact of low-carbon city pilot policies on the development of urban circular economy. The research results indicate that the construction of low-carbon pilot cities has significantly promoted the coordinated development of intra regional industrial relationships.
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1 INTRODUCTION
Low-carbon city (LC) is an environmental regulation policy to address climate change, and it is of great significance for an environmentally friendly society (Chen et al., 2021). Against the backdrop of low-carbon economy (LE) strategies being implemented by national and local governments, LE is also an important development trend and core strategy for future economic and social development. Its core lies in the sustainable utilization of ecological resources, and it aims to achieve green development by a low-pollution and low-energy consumption industrial development system (Liu et al., 2022a). In terms of low-carbon city construction and urban economic development, many domestic and foreign scholars, such as Chen et al. (2023a), have pointed out in their research that CSR can effectively stimulate green exploratory innovation through mandatory and market-driven regulation, but voluntary regulation has negative effects on it. Secondly, other studies have also proposed that circular economy practices can significantly improve enterprise performance, especially in state-owned, large and heavily polluting enterprises, while innovation and digital transformation strategies as well as moderate practice intensity are the key (Chen and Dagestani, 2023). Finally, relevant studies have pointed out that air quality monitoring policies significantly improve urban ecological efficiency, and governments and ngos play different roles in this process to achieve sustainable urban development (Chen et al., 2023b). In addition, the current policy implementation mechanism mainly focuses on urban LE and total factor productivity, and takes carbon emissions as an evaluation index. The research on circular economy mainly focuses on the connotation of circular economy and its impact on economic and social development. As the problem of climate change intensifies, research on the impact of low-carbon policies on economic development is helpful in finding a path of coordinated development between the economy and the environment while achieving carbon emission reduction. As a model of sustainable development, CE emphasizes efficient use of resources and environmental protection. Therefore, studying the impact of low-carbon policies on CE can help understand their role in resource recovery and reducing pollution emissions. This paper focuses on the effects of the LC on the development of the CE and explores their underlying mechanisms. It innovatively constructs a novel system for urban CE development and comprehensively measures the development level of prefecture-level cities using the analytic hierarchy process (AHP) and entropy weight method. A multiple time-point difference-in-differences (DID) model is built to assess LC construction’s impact on urban CE. The main innovations of this study are as follows: Firstly, an index system is constructed to evaluate the development of urban CE. This is achieved by utilizing AHP and entropy methods to comprehensively measure 273 prefecture-level cities in China. This approach allows for a comprehensive and objective reflection of the development of urban CE. Secondly, the multiple time-point DID model is used to evaluate the impact of LC pilot policies on the development of CE as a quasi-natural experiment, which improves the accuracy of the model and reduces selection bias and endogenous problems. Furthermore, the mediation effect model is employed to elucidate the mechanism through which LC pilot policies influence the advancement of CE. The intermediary effects of industrial structure rationalization, green technology progress, energy consumption structure optimization, and upgrading are utilized to reveal the policy effect. Finally, based on the data from 273 prefecture-level cities from 2012 to 2022, a large sample empirical study is conducted to enhance the robustness and universality of the results, and the conclusions are more representative. The paper aims to provide scientific and effective decision support for accelerating China’s CE system and achieving green transformation.
This study is divided into six parts. The first part introduces the background and importance of LC pilot projects, and elaborates on the concepts of LE and CE. The second part summarizes the research on the impact of urban CE both domestically and internationally. The third part introduces research methods, discusses environmental regulatory tools and their impact mechanisms on the CE, then designs performance indicators and measurement methods for the CE, and constructs a multiple time-point DID model and mediation effect model. The fourth part is empirical analysis, which includes an examination of the impact of policies on CE performance and a discussion of regional differences. Additionally, it addresses the indirect impact of policies on CE through industrial structure rationalization, green technology progress, and energy structure optimization. The fifth part proposes policy adjustment suggestions for regional differences, including green technology and energy structure optimization. The sixth part summarizes the research methods and experimental results, and proposes future research directions.
2 RELATED WORKS
As the national and local governments gradually implements the development strategy for LE, the LE begins to receive attention from countries around the world. Many scholars have conducted research and evaluation on its implementation effects in various aspects. Firstly, Yu Y and other scholars conducted in-depth research on the correlation between LC and carbon emission efficiency, and used the DID combined with propensity score matching (PSM) to prove that the LC significantly improved carbon emission reduction in Central and Eastern Europe (Yu and Zhang, 2021). Liu F and other scholars evaluated the LC in China by incorporating carbon emissions into the evaluation framework. Based on a multi-period DID, they found that LC can achieve both direct carbon emission reduction and indirect reduction through optimizing industrial structure, technological innovation, and other means (Liu, 2022). Wen S and other scholars used panel data from 208 cities and calculated the impact of LC on carbon emission efficiency through PSM and DID. The study showed that the overall LC could significantly improve the carbon dioxide emission rate in pilot areas (Wen et al., 2022). In terms of environmental pollution control, Liu Z and other researchers took the LC in China to analyze the motivation of local sustainable development action under authoritarian background. The study demonstrated that LC facilitated the advancement of environmental governance, thereby fostering the sustainable development of local areas (Liu et al., 2022b). Yan J and other researchers constructed a PSM-DID and mediation effect model using panel data from 271 cities in China. Research results showed the average annual concentration of PM2.5 decreased by 14.29% (Yan et al., 2021).
In terms of economic development, Qiu S and other scholars used the PSM-DID model to prove that in large cities, non-resource cities, and eastern cities, LC projects positively impacted regional economic development (Qiu et al., 2021). In the CE, Gong Z and other researchers based on the enterprise social responsibility research of radial basis function neural network, constructed a low-carbon CE system. The study verified the coupling development relationship between the environment and economy through examples, and clarified the connotation of low-carbon CE (Gong et al., 2021). Zhang W and other scholars used panel data from 30 provincial-level administrative regions to empirically study how carbon emissions trading promotes green technology innovation. The study found that at the current stage, carbon trading had a certain inhibitory impact on green technology innovation, but significantly reduced carbon emissions and carbon intensity (Zhang et al., 2022).
In conclusion, few studies have comprehensively analyzed economic development and CE. Many studies use provincial data and ignore differences at the prefecture-level. For example, Yan et al. (2021) used the PSM-DID model but did not delve into the situation of prefecture level cities. The traditional DID model was difficult to fully capture the dynamic effects and regional differences of policies when processing multi-time points and multi-region data. Gong et al. (2021) discussed the relationship between corporate social responsibility and low-carbon CE, but did not systematically analyze the mediating effect. To reduce the selection bias and improve the robustness of the results, the evaluation index system of urban CE development is constructed. Combining AHP and entropy to measure the development level of CE in prefecture-level cities, the PSM-DID model is adopted to consider the influence of policies in the time dimension.
3 EVALUATION METHOD OF THE EFFECT OF LC CONSTRUCTION ON THE DEVELOPMENT OF URBAN CE
To analyze the level of CE development in cities, this study uses panel data from 273 prefecture-level cities in China from 2012 to 2022, and establishes a corresponding evaluation system. Combined with the AHP and entropy weight methods, the level of CE development in each city is evaluated. Furthermore, a multiple time-point DID model is constructed to assess the impact of LC on urban CE. Finally, based on the mediating effects model, various factors’ impact on CE development degree in cities is examined.
3.1 The promotion mechanism of LC on urban CE
Environmental regulation refers to the various regulatory measures taken by the government or authorities in handling environmental issues. Its purpose is to protect the environment, and use market mechanisms and public roles to directly or indirectly intervene and regulate enterprises that cause environmental pollution in the production environment. Based on the existing research on environmental regulation policies and the development theory of CE, environmental regulation tools can be divided into different types according to their functional mechanisms and characteristics, as shown in Figure 1 (Teymouri et al., 2022).
[image: Figure 1]FIGURE 1 | Types of environmental regulation tools.
In Figure 1, there are four main types of environmental regulatory tools: command and control, market-based incentives, public participation, and voluntary actions. Command and control involve mandatory regulation of wastewater treatment plants at the government level using legal and administrative means. Corresponding laws and regulations should be formulated to unify emission standards and technological standards for pollutants. Market-based incentives adjust the costs and benefits of pollution-emitting units through various economic tools, establish systems such as emissions trading permits, impose pollution taxes, and provide compensatory subsidies. Public participation involves the public disclosure of environmental monitoring information and the signing of voluntary environmental agreements to facilitate public participation and reflect the demands and opinions of the masses through multiple channels. Voluntary actions refer to voluntary conservation activities initiated by residents, enterprises, and non-governmental organizations, as well as the establishment of nature reserves and the creation of eco-friendly cities. LCs are environmental regulatory measures proposed to address climate change. Their purpose is to promote cities’ green and low-carbon transformation in various ways for environmentally friendly society construction (Liu et al., 2021; Song and Ouyang, 2020). Within pilot cities, the responsibility for carbon emission reduction has shifted from provincial to prefecture-level cities and county-level cities. However, limiting the scope of policy pilots to specific regions is conducive to formulating reasonable low-carbon development plans based on regional characteristics, accelerating policy implementation, and ensuring the effectiveness of policy execution. LE is not only the foundation of a country but also a guarantee for sustainable social development (Deng and Shangguan, 2021). CE is an economic development model based on ecological economics, with comprehensive utilization efficiency of resources as its core and sustainable development as its goal. Based on the principles of ecological economics and sustainable development, efficient use of resources is achieved by reducing resource waste and environmental damage. The specific structure and level of CE are shown in Figure 2 (Preethi and Mamatha, 2023).
[image: Figure 2]FIGURE 2 | Structure and level of CE.
In Figure 2, both LE and CE are essentially sustainable economic models and components of the green economy. “Low-carbon” refers to achieving carbon reduction in the production and living processes, while “LE” aims to improve comprehensive resource utilization. Building a LE system can promote green transformation in various aspects, such as production, circulation, and consumption, and it is an important way to promote carbon reduction and optimize energy utilization efficiency (Mahdiraji, 2021). On the other hand, building a CE system that targets resource conservation can adjust the city’s energy consumption structure through adjustments in energy structure, control of energy consumption, reduction of coal consumption, and realization of low-carbon development. Under the background of high-quality development, the country’s attention to the ecological environment is increasing, and building LC has become the main approach to addressing environmental pollution. The pilot policies for LC have both direct and indirect effects on CE. The management of solid waste pollution, energy consumption, and the green transformation of production methods are important issues that need to be resolved urgently in CE. The core issue is how to minimize the environmental impact in the production process. Based on the understanding and analysis of LC policy, combined with the existing literature and data, a mechanism model is constructed to evaluate the impact of LC policy on the development of CE. The impact mechanism of LC pilot policies is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Analysis of the impact mechanism of LC.
Figure 3 mentions three impact mechanisms of LC. For industrial structure upgrading, the pilot policies for LC focus on developing green industries, especially industries with minimal environmental impact, such as modern service industries, optimizing industrial structure, and increasing output. The optimization and upgrading of the industrial structure to a certain extent promotes changes in consumer demand, accelerates the transformation of traditional high-energy-consuming and high-emission industries into clean and environmentally friendly industries. Under the context of carbon neutrality, green technological progress can promote core technologies, such as comprehensive utilization of waste, material recycling, green ecological product design, and green high-end equipment re-manufacturing in the CE. Breaking through technological barriers in the development of CE, accelerating the popularization and mature application of green technologies, and reducing the technological gap between China and the world in CE. From an energy perspective, the promulgation of pilot policies for LC can adjust the city’s energy consumption structure to some extent. On the one hand, the energy price mechanism can regulate China’s energy efficiency. Under certain cost conditions, enterprises will reduce their investment in energy resources by increasing the utilization of funds and other production factors, thereby improving their production efficiency. At the same time, as energy consumption levels increase, there will be a continuous decrease in enterprise demand for energy. This will prompt enterprises to continuously innovate their technologies, achieve optimal allocation of production factors and resources, and thus reduce adverse impacts on the environment.
3.2 Comprehensive measurement method for the development level of urban CE
To objectively evaluate the level of CE development in cities, a scientific and comprehensive evaluation index system is established to monitor and analyze its progress and characteristics (Rodríguez-Antón et al., 2022; Ye et al., 2022). The CE uses 3R (reduction, reuse, and recycling) to achieve effective utilization of resources (Wang et al., 2021; Han et al., 2022). Throughout the entire process of production and consumption, efforts should be made to minimize resource waste, minimize damage to the ecological environment, and achieve the best balance between economy and environment. In this regard, this study refers to relevant national policies and draws on the research achievements of scholars such as Wang Xiaohong (Ramon et al., 2023). The constructed performance evaluation index system for urban CE is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Performance index system of CE.
In Figure 4, the indicator system for measuring CE studied includes target layer, criterion layer, and indicator layer. The 10 basic indicators correspond to each target layer and standard layer, reflecting the specific level of urban CE development. The AHP is a weight calculation method that combines subjective and objective factors to measure the development level of CE (Akinbobola and Fafure, 2021; Ismail and Ouahrani, 2022). The specific operation is as follows: first, a judgment matrix is established. Assuming that the primary indicator [image: image] has [image: image] indicators [image: image].
In Table 1, [image: image] is the ratio of the importance of [image: image] to [image: image]. After comparing the factors in the same layer with each other by experts, weight scoring is performed. 1–9 is used to represent the relative importance of each indicator, and this matrix satisfies [image: image]. Due to the objectivity of expert scoring results, the judgment consistency is tested. The consistency check formula is shown in Equation (1) (Ramsey et al., 2022).
[image: image]
TABLE 1 | Judgment matrix.
[image: Table 1]In Equation 1, [image: image] represents the maximum matrix eigenvalue, which is solved using the set averaging method. First, the geometric mean of each row element is calculated using Equation 2 (Sun and Li, 2021).
[image: image]
Then the calculation of weights is standardized, as shown in Equation 3 (Enzai et al., 2022).
[image: image]
Afterwards, each column element [image: image] is summed and the value of the maximum eigenvalue is finally calculated as shown in Equation 4 (Maurício et al., 2021).
[image: image]
When measuring the consistency, the consistency ratio is calculated. Its consistency is inversely proportional to the result value. The lower the result value, the higher the consistency. The calculation of consistency ratio is shown in Equation 5 (Lacerda et al., 2021).
[image: image]
In Equation 5, [image: image] represents the average consistency index. If [image: image], the judgment matrix has good consistency. If [image: image], it means that the matrix consistency is poor and needs to be readjusted by experts. Each column of the judgment matrix is standardized as shown in Equation 6.
[image: image]
Each row of elements is summed up again, as shown in Equation 7.
[image: image]
Afterwards, the standardization process is performed as shown in Equation 8.
[image: image]
Based on the above process, the final feature vector [image: image], which is the relative weight vector, can be obtained. The entropy method can effectively utilize the information in the original data, reflect the comprehensive relationship between various indicators, and ensure the reliability of the weighted results (Yang and Yan, 2021). Assuming there are [image: image] evaluation objects and [image: image] evaluation indicators, the evaluation indicator value is [image: image]. First, dimensionless processing is performed on the indicators, as shown in Equation 9.
[image: image]
Then indicator translation is performed to eliminate negative values, as shown in Equation 10.
[image: image]
In Equation 10, [image: image] represents the translation amplitude, usually at 1. Then the proportion [image: image] of indicator [image: image] is calculated using Equation 11.
[image: image]
The entropy value [image: image] of indicator [image: image] is calculated again, as shown in Equation 12.
[image: image]
Then the coefficient of difference [image: image] for indicator [image: image] is calculated. Larger value means higher indicator importance. Finally, [image: image]'s weight is obtained, and the process is shown in Equation 13.
[image: image]
3.3 Construction of an evaluation model for the effect of LC on the development of CE based on multiple time-point DID
The dependent variable selected for the study is the level of urban CE development (UE) (Gan et al., 2023). Referring to relevant national policies and previous research results, a system for urban CE development is constructed. On this basis, the study also uses the AHP and entropy method to calculate the weights of secondary and tertiary indicators, respectively (Chen et al., 2022; Li, 2024). By weighted calculation, UE is obtained in prefecture-level cities. The study takes the LC as the core explanatory variable, sets policy grouping simulation variable [image: image] based on whether the city is listed as LC, and sets policy time dummy variable [image: image] based on the policy issuance time. The interaction term between [image: image] and [image: image] is used as the core explanatory variable. To ensure results’ credibility, the study retains data from 273 prefecture-level cities through screening and exclusion. To control for the impact of other factors on regional CE, the study uses urban level characteristics as control variables and selects 7 evaluation indicators. The specific indicators and their meanings are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Indicators and meanings of influencing factors of regional CE development level.
Due to the fact that public policies are usually formulated by the central government, they can largely avoid selection bias in empirical measurement and reduce endogeneity issues caused by bidirectional causality (Budziński and Czajkowski, 2022). The DID model is one of the mainstream methods for analyzing the effects of public policies in China. Compared to the traditional DID model, the multiple time-point DID model can process the policy implementation effect at multiple time points, so it is more suitable for the time span and data characteristics of this study. The DID model compensates for the shortcomings of traditional econometric methods by adding a dummy variable at the time level, which can improve the model accuracy. The standard setting is shown in Equation 14.
[image: image]
In Equation 14, [image: image] represents the object of policy effect evaluation, and [image: image] represents the time dummy variable (0 or 1). [image: image] represents a policy dummy variable (0 or 1). [image: image] represents the policy effect. Figure 6 shows the policy effects of the DID model (Guo et al., 2024).
[image: Figure 6]FIGURE 6 | DID diagram.
The study regards LC as a quasi natural experiment and uses a multiple time-point DID model to test the impact of LC pilot policies on the development of urban CE (Khuu et al., 2023; Zhao et al., 2022). Firstly, two dummy variables [image: image] and [image: image] are generated. Pilot cities are defined as 1 and non-pilot cities as 0. The policy is defined as 0 before implementation and 1 after implementation. The coefficient of [image: image] is the policy effect size, and the regression model is set as Equation 15.
[image: image]
To ensure empirical results’ robustness, the study selects a fusion PSM and a multiple time-point DID model for hypothesis testing. Firstly, based on the propensity score, the nearest neighbor matching method is used to find control groups that are similar to the experimental group. Then, the matched two groups are regressed to minimize the selection bias between two groups, and to obtain the purity of policy effects. By referring to relevant environmental practice cases, the impact of experimental plans on the environmental development of Chinese cities can be more accurately evaluated. The specific model is shown in Equation 16.
[image: image]
In Equation 16, [image: image] represent the city and year. [image: image] is the dependent variable, and [image: image] represents a series of control variables. [image: image] represents time control effect and urban control effect, respectively. [image: image] represents the random disturbance term of the system. [image: image] represents the impact of LC construction on CE. If [image: image], it represents promoting development. The mediation effect model is a method for analyzing and studying the process and mechanism of the influence of independent variables on dependent variables (Okorie et al., 2018). The variable relationship of the mediating effect is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Variable relationship of mediating effect.
In Figure 7, there are two forms of influence of the independent variable on the dependent variable. The dependent variable [image: image] in Model 1 only has [image: image] and the control variable [image: image], and the impact effect at this time is the coefficient [image: image] of [image: image]. At the same time, there is another influencing path, that is, [image: image] affects [image: image] through the mediating variable [image: image]. The premise for this influence path to hold is that the coefficient of [image: image]'s influence on M, [image: image], and the coefficient of [image: image]'s influence on [image: image], [image: image], are both significant. At this point, the magnitude of the influence effect is the coefficient [image: image], and the total effect of [image: image] on [image: image] is [image: image]. To explore the mediating mechanism of LC on the development of CE and understand the proportion of mediating effects in the total effect, a mediating effect model is constructed as shown in Equation 17.
[image: image]
In Equation 17, [image: image] represents the mediator variable. If the coefficients of mediating variables [image: image] and [image: image] are both significant, it indicates that LC can influence the development level of urban CE by influencing the corresponding mediating variables. If they are not significant at the same time, the selection of the mediating variable is inappropriate.
4 EMPIRICAL ANALYSIS OF THE IMPACT OF LC ON CE DEVELOPMENT
Based on data from China Urban Statistical Yearbook during 2012–2022, 273 prefecture-level cities are selected to assess the impact of LC pilot policies on CE development. AHP and entropy method are used to measure the development level of CE, and multiple time-point DID model is used to evaluate the policy effect. Policy dummy variable and time dummy variable and their interaction terms are introduced into the model as the core explanatory variables. The robustness test is carried out by PSM method combined with multiple time-point DID model to reduce the selection bias and ensure the reliability of the results.
4.1 The dynamic effect test results of LC pilot policies
The data for the indicators of the CE performance index system in the experiment are sourced from the “China Urban Statistical Yearbook,” regional statistical yearbooks, and statistical bulletins. The data collection period spans from 2012 to 2022. The weights of each indicator in the CE index system are determined using the AHP and Entropy Method. The weight results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Weight results. (A) Index layer weight (B) Criterion layer weight.
In Figure 8B, among the criterion layer, the indicator with the highest weight proportion is the reuse performance, with a weight value of 0.4555. This indicates that this indicator has the greatest impact on CE development. From Figure 8A, among the indicator layer, B1, B2, and B3 have the highest weight values, accounting for 0.2475, 0.2578, and 0.2381, respectively. The weight values of the remaining indicators range from 0.11 to 0.19. After determining the weights, the weighted function is used to measure the development performance of the CE in 273 prefecture-level cities from 2012 to 2022. The results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of CE development in different regions. (A) Eastern region (B) Central region (C) Western region (D) Northeast region.
Figure 9 reveals that the eastern and central regions show an upward trend in CE, with improvements in their CE performance from 2012 to 2022. The central region, in particular, demonstrates significant progress in CE development, gradually catching up with and surpassing the eastern region. The overall CE performance in the western and northeastern regions is far behind that of the central and eastern regions, especially the northeastern region. In general, significant differences show in CE’s spatial development in China. The central and eastern regions exhibit the most noticeable progress and are generally at a higher level nationally. However, the overall CE is still in the primary stage and developing at a relatively slow pace. Therefore, it is necessary to strengthen urban energy-saving construction and formulate corresponding energy-saving development strategies based on regional analysis.
4.2 Test results of the intermediary mechanism of the impact of LC on CE
The study selects 11-year equilibrium panel data of 273 cities in China from 2012 to 2022. Based on this, the urban CE development level index is used as the basis for calculating the dependent variable. The sample size for each variable is 3,000, and the results for the corresponding important variables are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Descriptive statistical results of variables. (A) Mean and standard deviation (B) Maximum and minimum values.
From Figure 10, UE represents the dependent variable, the level of urban CE development. The mean value of UE is 0.334, with a standard deviation of 0.0869. The maximum and minimum values are 0.776 and 0.058. The other variables are control variables, with CH having the smallest mean value of −10.52 representing the level of human capital. The largest mean value belongs to CL, representing the level of openness, with a value of 9.853. The mean values of the other control variables range from −5 to 10. Based on the data mentioned above, the regression results obtained using the multiple time-point DID model are shown below.
From Table 2, the coefficients of each explanatory variable reach a significance level of 1%, indicating a significant improvement in the level of CE development in LC in China without controlling for other variables. Through the analysis of the correlation between the indicators, it is found that when control variables are introduced, the level of urban CE development increases significantly by 6.3%. Regression analysis of the sample data reveals that most control variables positively impact the regional CE development level, indicating that the selected control variables in the study are reasonable. To eliminate systematic biases caused by interfering factors between two groups, the PSM-DID method is used for robustness testing. P and A represent pre-matching and post-matching, respectively. The results are shown in Figure 11.
TABLE 2 | Regression results of the benchmark model.
[image: Table 2][image: Figure 11]FIGURE 11 | Balance test. (A) Deviation (B) Deviation rate of change.
In Figure 11A, the absolute value of the standard deviation of the matched variables is all less than 10%, which is significantly lower than before matching. In Figure 11B, the deviation change rates of most variables are above 90%. Only the deviation change rate of the fixed asset investment rate for the city is negative, at −22.2%. In addition, after matching, the t-statistics are not significant. This indicates no significant difference between two groups after pairing, and the paired samples ensure the randomness of the sample, verifying that the PSM conforms to the balance hypothesis. Based on the city variables retained by PSM, a multiple time-point DID model is performed again. Regression results are shown in Table 3.
TABLE 3 | Regression results of the PSM-DID model.
[image: Table 3]From Table 3, after solving endogeneity through the PSM-DID model, the LC still improves CE development in cities. After controlling for variables, the LC construction improves the performance of urban CE development by about 6.42%. The results are significant at the 1% level and are consistent with previous empirical results. This shows that LC’s implementation promotes China’s urban CE development. The intermediary effect of industrial structure rationalization are shown in Table 4.
TABLE 4 | Rationalization of industrial structure.
[image: Table 4]From Table 4, SR5 and SR6 show the regression results of Equation 17. The coefficients of DID have reached the significant level of 1%, indicating that establishing LCs in China can effectively promote the coordinated development among the first, second, and third industries in the region. From UE7 and UE8, after introducing control variables, the coefficients of social support and social support degree are positive and significant at the 1% level. This indicates that under the condition of maximizing the output of the first, second, and third industries, the optimization of the regional industrial structure is promoted, and the rationalization of the industrial structure plays a partial intermediary effect. The empirical results of the intermediary effect model of green technology progress are shown in Table 5.
TABLE 5 | Empirical results of the intermediary effect model of green technology progress.
[image: Table 5]From Table 5, DID’s coefficient is significantly positive from the regression results of TC9 and TC10. This shows that LC construction can improve the regional green technological innovation ability. From the two columns of UE11 and UE12, the effect of green technology progress on CE development reaches the significant level of 1%, regardless of whether control variables are introduced or not. This means that LC pilots can promote China’s overall factor green technology progress and thus promote the development of CE. Table 6 shows the empirical results of the intermediary effect model of energy consumption structure upgrading.
TABLE 6 | Results of intermediary effect of upgrading energy consumption structure.
[image: Table 6]From Table 6, at a confidence level of 1%, the impact of LC pilot policy on energy consumption structure is positive, indicating that LC construction significantly optimizes the adjustment of energy consumption structure. Further examination reveals a significant positive correlation between LC and the coefficient of energy consumption structure. This means that LC policies reduce coal and other energy consumption, that is, optimize the energy consumption structure, thereby promoting urban CE, which is consistent with the expected conclusions of the research.
5 DISCUSSION AND SUGGESTIONS
This paper constructs a model of the impact of LC pilot policies on the development of urban CE. Using the panel data of 273 prefecture-level cities from 2012 to 2022, this paper analyzes the impact of LC construction on the development of CE through the multiple time-point DID model. The results show that the CE development level of low-carbon pilot cities has been significantly improved, and the increase rate is 6.3% when other variables are controlled. Further robustness test through the PSM-DID model confirms that this policy significantly improves the city’s CE development performance, about 6.42%. Yu and Zhang, (2021) also proved that the LC pilot policy significantly improved the efficiency of carbon emission reduction by combining the DID method with the PSM method. Wen et al. (2022) found that the LC pilot policy significantly improved the carbon emission efficiency through the PSM method and DID method. Consistent with the above findings, the study further validates the positive economic and environmental impacts of pilot LC policies. This paper uses the method of the AHP and entropy to construct the evaluation index system of urban CE development, which makes up for the shortage of a single evaluation system in previous studies. The effectiveness of the LC pilot policy is more accurately verified by the multiple time-point DID and PSM method, and the robustness of the results is ensured. For the first time, from the three aspects of industrial structure rationalization, green technology innovation, and energy consumption structure optimization, the mediation effect of LC pilot policy on CE development is analyzed in detail. This provides a more specific reference for policy formulation.
6 CONCLUSION
To address the problem of economic development constraints on the environment and resources while climate change is taking place, the net effect of LC on urban CE development was explored. This study used a scientific method combining the AHP and entropy weight to calculate the level of CE development in cities at all levels in China. Based on this, the CE development in all regions of the country was evaluated. Using panel data from 273 provinces and cities from 2012 to 2022, the multiple time-point DID model and intermediary effect model were adopted to analyze LC’s effect on urban CE development. The LC pilot policy has promoted the coordinated development of primary, secondary and tertiary industries in the region, optimized the industrial structure, and improved economic benefits and environmental quality. This policy reduced industries with high pollution and high energy consumption, encouraged the development of green industries, and significantly promoted the innovation and application of green technologies. It also improved resource utilization efficiency, reduced environmental pollution, and promoted the development of energy conservation and emission reduction. Based on this, the following suggestions are put forward: First, the coverage of LC pilot should be expanded to more small and medium-sized cities and underdeveloped areas to improve the national CE level. Second, it is necessary to strengthen cooperation and exchange across provinces, cities, and counties, establish regional cooperation mechanisms, share green technologies and management experiences, and promote common development. Third, the energy pricing system should be improved, and a new energy pricing mechanism should be established to guide the rational use of energy. Fourth, research and development investment in green technologies, especially in the fields of energy conservation, environmental protection, and clean energy, should be increased. Policy incentives and financial support should be provided to encourage technological innovation and enhance international competitiveness. Fifth, according to the resource endowment and development needs of each region, scientific development plans should be formulated to promote the green industry to become a pillar industry. Finally, the promotion and education of environmental protection and low-carbon lifestyle should be strengthened, thereby forming a green development pattern of multi-party cooperation. Although this study covers 273 prefecture-level cities nationwide, differences in economic foundation, policy implementation, and environmental conditions may affect universality. Future research should use data with longer time spans and consider regional differences to develop more targeted policy recommendations.
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