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In the context of global efforts to combat climate change, highlighted by the 2024 UN Climate Change Conference (COP29) and the growing global emphasis on low-carbon development, this study investigates the impact of China’s low-carbon city pilot policies on carbon emission intensity. Using data from 283 Chinese cities between 2005 and 2021, a multi-period difference-in-differences (DID) model is employed to analyze the effects of these policies. The study also explores the mediating mechanisms, moderating effects, and heterogeneity across cities. The main findings are as follows: (1) The low-carbon city pilot policies significantly reduce carbon emission intensity, with the impact becoming stronger and more stable over time. (2) The reduction in carbon intensity is partially mediated by enhanced carbon sink levels and industrial structure upgrades, although technological investment does not have a significant effect. (3) Environmental regulations negatively moderate the policy’s effectiveness, while fiscal freedom and population growth rates positively influence its impact. (4) The effects of the policy are heterogeneous across cities, driven by differences in economic levels, geographical locations, industrial bases, resource endowments, and population sizes. This paper provides valuable empirical insights and policy recommendations for China’s low-carbon transition and for achieving its carbon neutrality and peak emission targets.
Keywords: China’s dual carbon goals, low carbon city pilot policy, “carbon emission reduction” effect, multi-period double difference, heterogeneity analysis
1 INTRODUCTION
In recent years, the greenhouse effect, driven by extensive carbon dioxide emissions, has become an increasingly urgent issue, drawing global attention to climate change. Since the Kyoto Protocol, effective mitigation of global warming has remained a central concern, with a growing international focus on reducing emissions. At the 2024 Global Low-Carbon Development Conference (COP29), countries reaffirmed their commitment to cutting emissions and promoting low-carbon development (Wang ZS. et al., 2023). As one of the world’s largest carbon emitters, China has taken proactive steps to address carbon emissions, placing climate change governance at the forefront of its agenda. It is expected that China will play a pivotal role in global efforts to reduce emissions, making the study of effective emission reduction policies crucial to advancing the country’s carbon reduction goals.
In 2020, President Xi Jinping introduced the “dual carbon” goals, outlining a strategic framework for achieving carbon neutrality and carbon peaking. These goals provide a blueprint for China’s economic development in the new era, integrating reduced carbon emissions with green transformation. As China transitions to a phase of high-quality economic growth, developing a low-carbon economy is seen as a crucial pathway to aligning economic progress with the “dual carbon” objectives. The 20th National Congress of the Communist Party of China emphasized the need for coordinated efforts to reduce carbon emissions, curb pollution, expand green initiatives, and promote sustainable economic growth. While China is diligently pursuing the goals of “carbon peaking” and “carbon neutrality,” significant challenges remain as of 2024. The gap between current progress and the “dual carbon” targets underscores the urgency of accelerating the effective implementation of low-carbon policies. China’s low-carbon initiatives are crucial not only for global climate governance but also for achieving high-quality economic development. The successful implementation of low-carbon policies requires a delicate balance between economic growth and environmental governance across the socio-economic system. Local governments play a key role in translating national policies into effective local strategies that drive low-carbon and green transformation. These strategies focus on raising industrial governance costs to incentivize enterprises to reduce emissions, while also encouraging residents to adopt energy-saving behaviors. The Ministry of Finance has highlighted the need to optimize policy frameworks and accelerate the creation of financial mechanisms tailored to China’s unique context, emphasizing the urgency of advancing low-carbon policies.
China’s low-carbon city pilot program, launched in 2010, has expanded in three phases, covering numerous provinces and cities across the country. The policy aims to chart a “Chinese-style” path to low-carbon governance, focusing on industrial transformation and other strategic measures. While existing research has assessed the economic and social benefits of the policy, there is limited investigation into its impact on urban carbon intensity (Qiu et al., 2021; Chen et al., 2021; Liu and Yuan, 2023; Liu and Zhao, 2023). Most studies tend to focus on total carbon emissions or per capita emissions, often overlooking the complex interplay between economic development and environmental governance (Zhu et al., 2023a; Huang et al., 2021; Zhu et al., 2023b). Comprehensive and systematic studies on the policy’s “carbon reduction” effects remain scarce. Theoretically, it is crucial not only to assess whether the low-carbon city pilot policy effectively reduces urban carbon intensity but also to understand the mechanisms and factors driving these reductions. Key questions include: What economic and social factors influence the success of low-carbon policies? How do variations in cities' economic development, geographic locations, and resource endowments shape policy outcomes? As China’s economic growth slows, and the challenge of balancing carbon reductions with sustained growth becomes more pressing, addressing these questions is essential for reconciling the goals of high-quality economic development and the dual carbon targets. Gaining this understanding will be vital for policy development and the formulation of “carbon finance” strategies to support China’s green transition.
This study treats China’s low-carbon city pilot policy as a “quasi-natural experiment” and uses a multi-period difference-in-differences (DID) model to evaluate its impact on urban carbon intensity. It also examines the underlying mechanisms driving emission reductions, such as carbon sequestration and industrial upgrading, and explores how the policy’s effects vary across cities with different economic levels, geographic locations, and resource endowments. The primary objective of this study is to provide empirical evidence to optimize China’s low-carbon city pilot policies. In doing so, it aims to assist the government in balancing economic growth with environmental protection, while advancing the “dual carbon” goals and promoting a green economic transformation. The findings will not only enhance the implementation of low-carbon policies in China but also offer valuable insights for global low-carbon transitions. The novelty of this study lies in three key aspects: (1) examining the dynamic effects of carbon reduction, including both overall and stage-specific impacts, to provide data-driven insights for timely policy adjustments and prevent “free-riding” behavior in pilot cities; (2) analyzing the potential mediating and moderating mechanisms underlying the carbon reduction effects, which deepens the understanding of the policy’s internal workings; and (3) exploring the heterogeneity of policy effects by considering factors such as economic development, geographic location, and resource endowments, thereby offering insights for the formulation of tailored, local-level policies.
The remainder of this paper is organized as follows: Section 2 provides a comprehensive review of the literature on low-carbon policies, carbon reduction effects, and low-carbon city pilot initiatives. Section 3 explains the mechanisms of the pilot policies, with specific theoretical hypotheses addressing the direct effects, mediating effects, and moderating effects of the policies. Section 4 outlines the methodology, including the multi-period difference-in-differences (DID) model, data sources, and variable definitions. Section 5 presents the empirical results, covering baseline regressions, dynamic analysis, robustness checks, and an exploration of the policy’s mechanisms and its heterogeneity. Finally, Section 6 concludes with a summary of the key findings, policy implications, and a discussion of future directions for low-carbon policy development.
2 LITERATURE REVIEW
This study primarily explores the relationship between urban carbon emission intensity and low-carbon city pilot policies. Therefore, the existing literature is reviewed and summarized in relation to these two key areas.
2.1 Research progress on the impact of policies on carbon emission intensity
Since the introduction of the low-carbon development concept in China, a variety of policies aimed at reducing carbon emissions have been implemented, with profound impacts on the economy, society, and environment. Research on the effects of these policies has expanded significantly, focusing on their economic, social, and ecological benefits. However, few studies have examined these dimensions in an integrated manner (Wang and Xiao, 2022; Wang ZS. et al., 2022; Shi et al., 2022).
The first area of research focuses on the “carbon market” and the carbon emissions trading system (ETS). Following the signing of the Kyoto Protocol, early studies concentrated on the trading mechanisms of carbon markets (Sandoff and Schaad, 2009). Classical market theory suggests that carbon markets are an effective tool for managing greenhouse gas emissions, offering flexibility and cost advantages (Jiang et al., 2016). As China’s carbon finance market has grown rapidly, its unique advantages—such as low-cost carbon markets and significant emission reduction potential—have become more evident (Zhang et al., 2013). Early studies, including those using CGE (Computable General Equilibrium) and multi-agent models, simulated the effects of emissions trading and confirmed the effectiveness of China’s carbon emissions trading system (Böhringer and Welsch, 2003; Suopajärvi et al., 2014; Li and Jia, 2016; Huang et al., 2023; Cai et al., 2016; Li et al., 2022). Zhang et al. (2017) empirically tested the significant emission reduction effects of carbon market policies using data from pilot cities between 2013 and 2014 (Zhang YJ. et al., 2017). Later studies using the difference-in-differences (DID) model with provincial panel data further confirmed that pilot policies significantly enhance carbon reduction outcomes (Tan et al., 2022; Xu et al., 2023; Song et al., 2023; Lu and Li, 2023; Jiang et al., 2024). To avoid bias in treatment group selection, some scholars applied propensity score matching (PSM) for empirical analysis (Xiao et al., 2023), while others addressed matching errors—due to overlapping provinces and years—using the synthetic control method, which optimally applies weights (Lin and Fu, 2023; Wang CZ. et al., 2024).
Another key area of research focuses on the financial support for carbon emission policies. Financial reforms play a crucial role in the effective implementation of carbon emission governance. Early studies on the relationship between financial development and carbon emissions have yielded mixed results (Sadorsky and Renewable energy consumption, 2009; Shahbaz et al., 2013; Ganda, 2021; Liu et al., 2023). However, with the advancement of financial policies, green credit has become a central focus of research on financial support for carbon emission reduction. Studies have shown that green financial policies can reduce air and water pollution emissions (Zhang AL. et al., 2022) and directly curb CO₂ emissions (Tan and Chen, 2023), with some suggesting a U-shaped relationship between green credit development and technological innovation (Xu and Lin, 2025). As a key tool for financial institutions to fulfill their environmental responsibilities, green credit policies significantly impact energy efficiency, particularly in sectors constrained by green credit. In these sectors, energy intensity tends to decrease, although challenges arise due to a “financing constraints-innovation motivation weakening” cycle (Luo et al., 2023). Additionally, green financial policies, by reducing energy intensity and promoting technological innovation, produce increasing carbon reduction effects over time. This leads to positive spillover effects, although the synergy effect remains insignificant (Fan et al., 2024).
Finally, research on fiscal support for carbon emission policies has gained momentum. China’s fiscal policies, which support the goals of carbon peaking and carbon neutrality, emphasize the need for policies tailored to the country’s national conditions. Early studies on fiscal decentralization, such as those by He Qichun (2015), analyzed the relationship between fiscal decentralization and environmental pollution, finding a positive correlation (He, 2015). Research on transfer payments and local government competition further supports this view, suggesting that fiscal decentralization, coupled with government competition, can exacerbate carbon emissions (Zhang K. et al., 2017; Li, 2022). In contrast, studies on ecological governance and environmental expenditure indicate that fiscal and environmental policies can reduce emissions, though their effectiveness varies regionally (Wang SG. et al., 2024). Later research employing cost-estimation and system dynamics methods demonstrated that clean energy subsidy policies can improve energy consumption structures and reduce pollution intensity, although their effectiveness depends on program design (Zhang et al., 2023). Some studies have also found that energy-saving and emission reduction policies can have negative effects on corporate behavior, particularly in terms of environmental, social, and governance (ESG) performance, with this negative impact intensifying over time (Miao et al., 2023).
2.2 Research progress on the evaluation of low-carbon city pilot policies
The Chinese government has implemented several low-carbon city pilot policies to promote carbon emission reductions. Research on these policies has primarily focused on areas such as green total factor productivity, technological innovation, and employment, with some studies examining low-carbon development pathways and carbon emission levels (Wang KL. et al., 2022; Ma et al., 2021; Wang CA. et al., 2023; Zhao et al., 2024). Most studies highlight the positive effects of these pilot policies, often using methods such as pathway analysis and single- and double-difference models. The widespread use of the difference-in-differences (DiD) model has provided empirical evidence that these pilot policies significantly improve air quality in the regions where they are implemented (Wolff, 2014). Carbon reduction effects are particularly prominent in western cities and regions with lower economic development levels (Zhang JG. et al., 2022). In contrast, carbon emissions in eastern regions have decreased rapidly, with northern regions experiencing higher reduction rates than southern ones (Wen et al., 2022). In terms of mediating effects, studies have found that pilot policies contribute to carbon emission reductions through mechanisms such as industrial structure upgrades, technological innovation, energy efficiency improvements, and the promotion of green innovation (Zhang H. et al., 2022; Pan et al., 2022; Zheng et al., 2023). Additionally, some scholars have explored co-reduction effects, noting that low-carbon cities often experience significant and heterogeneous reductions in both CO₂ and PM2.5 emissions. Improving public transport infrastructure has been identified as a key pathway for achieving these co-benefits (Yang et al., 2023). Moreover, when examining “dual pilot” cities—those participating in both low-carbon and eco-city initiatives—the synergistic carbon reduction effects are found to be stronger, though with a time lag (Li and Zhang, 2024).
Furthermore, some studies emphasize that the carbon reduction effects of low-carbon city pilot policies strengthen over time, though with delays. These reductions primarily occur through decreased energy consumption, lower energy intensity per unit of GDP, industrial decarbonization, and enhanced green technological innovation (Wang and Li, 2023; Zhao et al., 2023). Research also highlights the heterogeneous effects of fiscal pressures and incentives on carbon reduction outcomes (Yang and Peng, 2022). Current studies on low-carbon city pilot policies predominantly involve simulation models, such as those evaluating government subsidies for voluntary carbon reduction, cost-benefit models, and industry-specific analyses. These studies suggest that voluntary carbon reduction strategies have optimal solutions, with innovation gains and government subsidies serving as key drivers of success (Cheng et al., 2015). Other research has explored the relationship between carbon taxes and low-carbon pilot policies, using supply chain game models to demonstrate that changes in pilot proportions are positively correlated with optimal carbon reductions, while carbon taxes and reduction subsidies are negatively correlated under constant carbon reduction (Cao and Zhang, 2018). Additionally, dynamic stochastic general equilibrium (DSGE) models have been applied to simulate the environmental and corporate effects of pilot policies within China’s current fiscal system. These models suggest that while pilot policies may lead to environmental deterioration due to crowding-out effects, they can also optimize corporate financial structures and incentivize enterprises to implement energy-saving measures on their own (Cai et al., 2019). Some studies from the perspective of the green economy argue that although low-carbon city pilot policies drive significant carbon reductions, their effects on green development are not sustained in the long term (Guan and Liu, 2022).
2.3 Research summary
In summary, the academic literature on policies affecting carbon emissions is extensive, but the findings remain complex and inconclusive. Studies on carbon market trading systems generally present optimistic results, while research on green credit and fiscal support policies yields more mixed outcomes. Most studies on low-carbon city pilot policies focus on their economic and social benefits, with relatively few directly addressing their impact on carbon emissions. There are also several areas where existing research could be improved. For example, future studies could refine the construction of dependent variables to better integrate both economic and environmental factors in assessing carbon reduction effects. Additionally, more work is needed to explore the specific pathways and moderating mechanisms that influence policy effectiveness. Finally, the impact of factors such as city economic development levels, resource endowments, and population distribution on policy outcomes remains underexplored. This study seeks to address these gaps by providing a more comprehensive analysis of low-carbon city pilot policies, contributing valuable insights into their effectiveness and offering a more nuanced understanding of the factors that drive carbon reduction.
3 THEORETICAL HYPOTHESES
3.1 Analysis of the effectiveness of low-carbon city pilot policies
Low-carbon city pilot policies are designed to achieve substantial reductions in carbon emissions by integrating various mechanisms, including government performance evaluations, corporate production constraints, and public engagement with low-carbon initiatives. These policies play a vital role in advancing China’s transition to low-carbon and green cities. The effectiveness of these policies is closely tied to several factors. First, government performance is a key determinant of policy effectiveness. An accountability system that assesses government action ensures that policies produce tangible and measurable results, rather than becoming mere formalities that fail to drive real emission reductions. Second, corporate behavior is significantly influenced by environmental regulations and local government policies. In response to low-carbon mandates, businesses are incentivized to adopt cleaner technologies, innovate industrial processes, and upgrade equipment, all of which directly reduce emissions. This process not only contributes to emissions reductions but also fosters a culture of sustainability and innovation within industries. Lastly, public participation is essential to achieving low-carbon objectives. Initiatives like carbon credit systems for residents, along with public awareness campaigns promoting energy-saving and emission-reduction practices, encourage individuals to adopt low-carbon lifestyles, thus contributing to the overall reduction in urban emissions. In summary, the success of low-carbon city pilot policies hinges on the collaboration between government, enterprises, and the public. By aligning these key stakeholders, the policy can effectively reduce urban carbon emissions, making it an essential component of China’s broader low-carbon transition.
Hypothesis 1. The implementation of low-carbon city pilot policies significantly reduces urban carbon dioxide emissions.
3.2 Mediating mechanisms of low-carbon city pilot policies
Building upon existing literature, this study proposes that the effectiveness of low-carbon city pilot policies in reducing carbon emissions can be mediated through three key mechanisms: enhancing carbon sink levels, fostering technological innovation, and upgrading industrial structures. First, low-carbon city pilot policies can reduce carbon intensity by improving carbon sink capacity. Carbon sequestration plays a critical role in carbon reduction strategies. The policies focus on increasing the capacity for carbon absorption, such as by expanding green areas and forests, which not only mitigate the urban carbon footprint but also create additional environmental and social benefits. The development of green spaces enhances the city’s reputation as a “natural oxygen bar,” attracting tourism and improving the quality of life for residents. Second, these policies support emission reductions through technological innovation. Technological advancement is a major driver of emission reductions, particularly in energy-intensive industries. Investments in new technologies can reduce carbon intensity, promote low-carbon economic growth, and lower pollution levels. Upgrades in energy efficiency, such as improved fossil fuel combustion and renewable energy integration, can significantly cut CO₂ emissions. Additionally, innovations in production processes may lead to the establishment of “self-sustaining” systems that actively reduce greenhouse gases during manufacturing, further driving down emissions. Third, industrial structure upgrades are essential for sustained reductions in carbon emissions. Low-carbon city pilot policies promote structural shifts toward low-carbon industries, such as renewable energy sectors (wind, solar, and photovoltaic energy), which are less energy-intensive. This shift reduces reliance on carbon-heavy industries. Moreover, the development of low-emission, low-energy tertiary industries (such as finance, technology, and logistics) ensures that economic growth is aligned with environmental sustainability, creating a balanced, low-carbon economic model. In summary, low-carbon city pilot policies facilitate carbon emission reductions through three primary pathways: enhancing carbon sink capacity, promoting technological innovation, and upgrading industrial structures.
Hypothesis 2. Low-carbon city pilot policies reduce carbon emissions through three mechanisms: enhancing carbon sink levels, fostering technological innovation, and upgrading industrial structures.
3.3 Moderating mechanisms of low-carbon city pilot policies
Building on the previous literature, this study proposes that the effectiveness of low-carbon city pilot policies in reducing carbon intensity can be moderated by three key factors: environmental regulation, fiscal freedom, and population growth rate. First, environmental regulation plays a crucial role in enhancing the effectiveness of low-carbon city pilot policies. As the primary enforcers of environmental standards, governments can strengthen the impact of low-carbon policies by implementing stricter regulations. Stringent environmental policies encourage businesses to transition from high-carbon industries to cleaner, more sustainable production methods. In response, companies may invest in upgrading their technologies to comply with emission standards or collaborate with environmental firms to outsource their carbon reduction efforts. These actions contribute to more significant reductions in carbon emissions, making environmental regulation a key moderating factor. Second, a city’s fiscal freedom can moderate the effectiveness of low-carbon city pilot policies. In cities with limited fiscal freedom, local governments may face pressures to relax environmental standards in order to attract investment, which can result in the relocation of polluting industries and an overall increase in regional carbon emissions. Conversely, cities with greater fiscal freedom benefit from a more competitive environment, where local governments with more financial resources can invest in green technologies, environmental projects, and stricter emission reduction policies. This creates an environment where emission reductions are more effective due to increased government investment and stronger enforcement of environmental regulations. Finally, the rate of population growth in a city can also influence the success of low-carbon city pilot policies. Rapid population growth increases both production- and consumption-related carbon emissions. However, it also presents opportunities for emission reductions, as a growing population drives demand for more energy-efficient technologies and services. Furthermore, a larger population results in increased human capital, which lowers the marginal cost of green and low-carbon transformations for businesses. Additionally, the growing demand for services in the tertiary sector (e.g., finance, technology) can support the development of low-carbon industries and drive further sustainable growth. In summary, environmental regulation, fiscal freedom, and population growth rate all serve as moderating factors that shape the effectiveness of low-carbon city pilot policies in reducing carbon emissions.
Hypothesis 3. Environmental regulation, fiscal freedom, and population growth rate moderate the effectiveness of low-carbon city pilot policies.
4 RESEARCH DESIGN
This section outlines the methodology employed in this study, including the technical roadmap, model construction, data description, and variable definitions. The methodology is designed to assess the impact of low-carbon city pilot policies on carbon dioxide emission intensity (CDEI) across Chinese cities. The section begins with a presentation of the technical approach, followed by the specifications of the model, data sources, and definitions of key variables used in the analysis.
4.1 Technical roadmap
The methodology adopted in this study employs a multi-period difference-in-differences (DID) model. This model is well-suited to estimate the causal effects of the low-carbon city pilot policies on carbon emission intensity (CDEI) by exploiting the variation in policy implementation across different cities over time. The data used in the analysis includes panel data from 283 prefecture-level cities in China, covering the period from 2005 to 2021. These data are sourced from reputable databases, including CSMAR, the “China Carbon Accounting Database,” and the “China City Statistical Yearbook.” Variable selection focuses on key factors related to carbon emissions, economic performance, and the implementation of low-carbon policies. The central variable of interest is the interaction between the low-carbon city pilot policy and carbon emission intensity (CDEI), which serves as the main dependent variable. The analysis includes several models to capture the effects of the policy, such as the baseline model (Equation 1) to estimate the overall impact of the policy on CDEI. In addition, mediation models (Equations 2 and 3) are developed to explore the mechanisms through which the policy affects emission intensity, with particular emphasis on factors such as carbon sink enhancement, technological innovation, and industrial structure upgrades. A moderation model (Equations 4 and 5) is also included to test the moderating effects of external factors, such as economic development, fiscal policies, and environmental regulations, on the effectiveness of the low-carbon city pilot policies. The empirical analysis follows a structured process, beginning with the estimation of the baseline DID model to assess the primary impact of the low-carbon city pilot policies. Subsequent steps include robustness checks and dynamic analysis to ensure the reliability and consistency of the results across different model specifications and data subsets. A comprehensive series of diagnostic tests is conducted to verify the validity of the findings, including tests for parallel trends, model stability, and potential endogeneity concerns. The technical roadmap for this study is presented in Figure 1, which illustrates the flow of the analysis, from model design and data collection to the final empirical results.
[image: Figure 1]FIGURE 1 | Research technical roadmap. Note: This figure illustrates the technical roadmap of the research, outlining the major steps and methodologies employed in the study. It begins with the identification of research objectives and the formulation of hypotheses, followed by data collection and pre-processing. The core analytical techniques, such as regression models, dynamic effect tests, and robustness checks, are then applied. The results are subsequently analyzed for causal relationships, with further tests for heterogeneity and mediation effects to ensure the robustness of the findings. The final step involves interpretation and policy implications based on the results. 
4.2 Model construction
This study evaluates the impact of China’s low-carbon city pilot policies on carbon emission intensity (CDEI) using a multi-period difference-in-differences (DID) model, which treats the policy implementation as a “quasi-natural experiment.” The low-carbon city pilot policy was introduced in three phases: 2010, 2013, and 2017, with the goal of progressively consolidating achievements in low-carbon city construction and promoting the adoption of low-carbon development models. By using panel data, we can observe changes in carbon emissions before and after the policy adoption within the same city, and compare cities that adopted the policy with those that did not at the same time points. To capture the impact of these policies, we use a DID model, with clustered robust standard errors at the city level, and control for both city-specific and time-specific fixed effects. The key dependent variable is carbon emission intensity (CDEI), and the model tests the effects of the low-carbon city pilot policy on CDEI over time, considering potential mediating and moderating factors.
4.2.1 Baseline model
The baseline model is designed to estimate the overall effect of the low-carbon city pilot policy on carbon emission intensity (CDEI). It is specified as follows:
[image: image]
Where: CDEIit is the carbon dioxide emission intensity for city i in year t α is the intercept. β is the coefficient of interest, representing the net or total effect of the low-carbon city pilot policy on emission intensity. A significantly negative β indicates that the policy significantly reduces carbon emission intensity. DIDit is a binary indicator for policy implementation, taking the value one if the policy was implemented in city i at year t, and 0 otherwise. γ represents the effect size of control variables on carbon emission intensity. Xit is the vector of time-varying control variables. μi and λt are city and time fixed effects, respectively. εit is the error term.
4.2.2 Mediation model
The mediation model is designed to investigate the pathways through which the low-carbon city pilot policy affects carbon emission intensity. The model adopts an improved causal stepwise regression method, following the approach by Wen Zhonglin et al. (2014), and tests the mediation effects using the Bootstrap method (Wen et al., 2004).
First, the baseline model (Equation 1) is used to estimate the total effect of policy implementation on CDEI. Then, a second equation is introduced to test the effect of policy implementation on the mediating variable:
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Where: Mechit represents the mediating variable through which the policy impacts CDEI. β1 is the effect of the policy on the mediator. γ1 represents the effect size of control variables on the mediator.
Finally, the mediating variable is added to the baseline model to estimate both the direct effect of the policy on carbon emission intensity and the indirect effect through the mediator:
[image: image]
Where: β2 is the direct effect of the policy on emission intensity. δ is the effect of the mediating variable on carbon emission intensity. The interaction term β1*δ represents the indirect effect of the policy on carbon emission intensity via the mediator.
4.2.3 Moderation model
The moderation model examines how external factors, such as economic development, environmental regulations, and fiscal autonomy, moderate the effectiveness of low-carbon city pilot policies in reducing carbon emission intensity. A positive moderating effect is indicated when both the main effect of the policy (DID) and the interaction effect between the policy and the moderator are significant and have the same sign, while a negative moderating effect occurs when the signs are opposite. The moderation model is specified as follows:
First, the moderator variable is added to the baseline model to test the impact of both the policy and the moderator on carbon emission intensity:
[image: image]
Where: Zit represents the moderating variable. θ is the coefficient for the moderating variable.
Next, an interaction term between the policy and the moderating variable is introduced to test if the policy effect is moderated by the external factor:
[image: image]
Where: DIDit × Zit represents the moderating effect of the policy, testing whether the interaction between policy implementation and the moderator affects carbon emission intensity. β3 is the coefficient of the moderating effect.
4.3 Data description
This study uses panel data from 283 prefecture-level cities in China, spanning from 2005 to 2021. The data is sourced from reputable databases, including the CSMAR database, the China Carbon Accounting Database, and the China City Statistical Yearbook. To account for international currency fluctuations, Foreign Direct Investment (FDI) is converted to Chinese yuan using the annual average exchange rate between the United States dollar and the Chinese yuan. Nominal indicators, such as FDI and regional GDP, are adjusted to real terms using the GDP deflator, with 2005 as the base year. To mitigate potential measurement issues such as heteroscedasticity, logarithmic transformations are applied to key variables such as Carbon Dioxide Emission Intensity (CDEI), Pollution Control Capacity (PCC), Environmental Regulation (EL), and Population Density (PD). Data from autonomous prefectures are included, but regions such as Hong Kong, Macao, Taiwan, and Tibet are excluded from the analysis due to their distinct economic and administrative characteristics. Missing values in the dependent variable are filled using the moving average method, and missing data for other variables are interpolated where necessary. Descriptive statistics for each variable are presented in Table 1, offering an overview of the key characteristics and distribution of the data.
TABLE 1 | Descriptive statistics of variables.
[image: Table 1]4.4 Variable definition
4.4.1 Dependent variable
Carbon Dioxide Emission Intensity (CDEI): Unlike traditional carbon emission measures such as total CO₂ emissions or per capita CO₂ emissions, CDEI is defined as the logarithm of the ratio of total CO₂ emissions to regional GDP. This measure reflects carbon emissions per unit of GDP, providing insights into both environmental and economic impacts. For robustness checks, Per Capita CO₂ Emissions (PCCDE) is used as a supplementary variable, calculated as the logarithm of the ratio of total CO₂ emissions to the year-end population.
4.4.2 Independent variable
Implementation of Low-Carbon City Pilot Policies (DID): This is an interaction term between policy implementation and time, represented as a dummy variable. If a city adopts the policy, treat = 1; otherwise, treat = 0. The “period” variable equals 1 after the policy implementation and 0 before. The second batch of pilot cities began in 2013, with 2012 serving as the baseline for robustness testing. For cities that undergo multiple rounds of policy implementation, the earliest implementation date is used by default.
4.4.3 Mediating variables
Carbon Sink Level (CSL): Measured by the ratio of green coverage area in built-up areas to the total land area of built-up areas. Increasing carbon sequestration is essential for reducing CO₂ emissions, as it enhances the capacity of urban areas to absorb carbon.
Technological Investment (TI): Measured by the ratio of scientific and technological investment to fiscal expenditure. Technological investment helps firms adopt cleaner technologies, thereby reducing CO₂ emissions through more efficient production methods.
Industrial Structure Upgrading (ISU): Measured by the ratio of GDP from the tertiary sector (services) to total regional GDP. The transition to service-based economies often promotes cleaner, more efficient industries, thus reducing carbon emissions.
4.4.4 Moderating variables
Environmental Regulation (ER): Measured by the comprehensive utilization rate of industrial fixed waste. Environmental regulations, as proposed in the Porter Hypothesis, can stimulate technological innovation, improve resource efficiency, and reduce carbon emissions.
Fiscal Freedom Degree (FFD): Measured by the ratio of general budgetary revenue to general budgetary expenditure. High fiscal freedom provides local governments with more resources to invest in low-carbon initiatives. Low fiscal freedom may lead to fiscal pressures that could undermine the effectiveness of emission reduction policies.
Population Growth Rate (PGR): Measured by the natural population growth rate. As population growth can drive increased energy consumption and carbon emissions, it serves as a proxy for potential future emissions. It may also influence the scale of green transformations in urban areas.
4.4.5 Control variables
Foreign Direct Investment (FDI): Measured by the ratio of actual foreign investment utilization to regional GDP. Increased foreign investment often brings advanced technology and capital that could influence carbon emissions.
Government Support Level (GSL): Measured by the ratio of general budgetary expenditure to regional GDP. Higher government expenditure may reflect greater investment in low-carbon technologies and environmental projects.
Economic Level (EL): Measured by the logarithm of total urban GDP per capita. Economic growth can reduce carbon emissions through economies of scale and technological innovations that drive energy efficiency.
Financial Development (FD): Measured by the ratio of financial loans to regional GDP. The development of the financial sector may facilitate investments in sustainable technologies and businesses that contribute to lower emissions.
Population Density (PD): Measured by the logarithm of the ratio of total population to the total land area. High population density can lead to more concentrated emissions due to higher levels of consumption and waste generation.
Pollution Control Capacity (PCC): Measured by the rate of harmless treatment of domestic waste. This variable captures the potential role of pollution control measures in reducing CO₂ emissions, as effective waste management can complement carbon reduction efforts.
4.5 Justification of methodological approach
This study employs a dynamic Difference-in-Differences (DID) model, which represents a methodological advancement over static models typically used in policy impact studies. The multi-period DID design captures both short-term and long-term effects of the low-carbon city pilot policy, offering a more comprehensive view of its impact on carbon emission intensity. This approach is essential for understanding the policy’s effectiveness over time, considering potential lag effects and changes in policy enforcement. Moreover, this study integrates mediation and moderation analysis, providing deeper insights into how the policy affects carbon emissions through mediators such as carbon sinks, technological innovation, and industrial structure upgrades. It also examines how external factors, such as environmental regulations and fiscal freedom, may moderate the effectiveness of the policy. By exploring these pathways and moderating factors, this study contributes to understanding not just the direct impact of low-carbon policies, but also the mechanisms that drive their effectiveness. Additionally, the study considers heterogeneity in policy impacts across cities with different economic development levels, geographical locations, and resource endowments. This regional variation is critical for tailoring low-carbon strategies to specific urban contexts, ensuring more targeted and effective policies. In conclusion, by addressing gaps in the existing literature and adopting a robust and dynamic methodological approach, this study provides valuable empirical insights into optimizing China’s low-carbon city pilot policies and advancing sustainable urban development.
5 EMPIRICAL RESULTS AND DISCUSSION
5.1 Baseline regression results
The regression results examining the impact of the low-carbon city pilot policy on urban carbon emission intensity are presented in Table 2. The coefficients of the interaction terms for the core explanatory variables are negative and statistically significant at the 1% level, indicating a significant inhibitory effect of the policy on urban carbon emission intensity. In column (6), the coefficient of the DID term is significantly negative (−0.0482), suggesting that the policy implementation reduces carbon emission intensity by 4.82%. This result highlights the substantial emission reduction benefits of the policy, driven primarily by effective policy incentives and improvements in urban environmental governance. Specifically, the phased implementation of the pilot policy has reduced emissions through governmental compliance monitoring, restricting industrial practices, and promoting public awareness of low-carbon lifestyles. These findings show that the policy has successfully met its initial objective of emission reduction, illustrating the effectiveness of combining administrative measures with public engagement. No significant differences are observed across the models, except for variations in coefficient magnitudes, confirming the robustness of the baseline regression results.
TABLE 2 | Baseline regression results.
[image: Table 2]Regarding control variables, government support significantly increases carbon emission intensity, likely reflecting that much of the government spending in many cities is directed towards industries, such as manufacturing, which are associated with higher emissions. In contrast, economic development level, fiscal freedom, and technological investment significantly reduce carbon emission intensity. Regions with higher economic development levels often serve as financial and commercial hubs, thus avoiding the concentration of highly polluting industries. Similarly, higher fiscal freedom allows local governments to resist relaxing environmental standards for attracting investment, preventing the entry of polluting firms. Additionally, greater technological investment enables firms to upgrade technologies, phase out outdated production processes, and innovate energy systems, driving industrial transformation and emission reduction. Other control variables are significant in columns (2) and (4), where time and individual fixed effects are excluded, but lose significance in column (6) with the inclusion of fixed effects. This suggests that the impact of these variables is likely influenced by unobserved factors. After controlling for fixed effects, their significance disappears, emphasizing the importance of a two-way fixed-effects model to account for unobserved heterogeneity and reduce estimation bias, thereby improving result reliability.
5.2 Robustness tests
5.2.1 Parallel trends test
The Difference-in-Differences (DID) method is a classic approach for policy evaluation that addresses endogeneity issues arising from omitted variables. However, it relies on the assumption of parallel trends between the treatment and control groups. If this assumption is violated, pre-policy trend differences may bias the estimated results, affecting the accuracy of policy impact evaluations. To test this assumption, this study adopts the event study methodology and introduces interaction terms for the years before and after policy implementation. The test model is specified as follows:
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Where, DIDitk represents the interaction term for the kth year before or after policy implementation, and βk represents the impact of the policy on urban carbon emission intensity in the kth year. Other variables remain unchanged. When k < 0, if βk is not significant, the parallel trends assumption holds. When k > 0, if βk is significant, it indicates dynamic effects following policy implementation. To visualize the results of the model (Equation 6), confidence interval plots for the parallel trends test are used. Before policy implementation, the confidence intervals for all periods should include zero, indicating no significant difference from zero, confirming the parallel trends assumption. After policy implementation, if the confidence intervals exclude zero, it signals significant dynamic effects; otherwise, it suggests no long-term impact.
To mitigate potential multicollinearity among the interaction terms, data for the current period in the treated areas are excluded, and data beyond six periods before and after the policy are merged into the sixth period. The parallel trends graph in Figure 2 shows that the coefficients for the six periods before policy implementation are positive but not significantly different from zero, indicating no significant difference in carbon emission intensity trends between the treatment and control groups prior to policy implementation, thus confirming the parallel trends assumption. For the six periods after policy implementation, the coefficients are significantly different from zero, indicating a notable dynamic effect of the policy. Furthermore, the coefficients are negative, suggesting that the policy significantly reduces carbon emission intensity in the treatment group. The absolute values of the coefficients initially increase, then decrease, and eventually stabilize, reflecting the lagged effect of the policy. As the policy is implemented, its effect gradually emerges and stabilizes over time, exerting a significant and sustained inhibitory impact on carbon emissions.
[image: Figure 2]FIGURE 2 | Parallel trend test graph. Note: This graph presents the confidence intervals used for testing the parallel trend assumption in a Difference-in-Differences (DID) analysis. If the confidence interval includes zero, it suggests that the pre-treatment trends of the treatment and control groups are similar, supporting the parallel trend assumption. If the confidence interval does not include zero, it indicates a significant difference in the trends between the two groups before the treatment, violating the parallel trend assumption.
5.2.2 Dynamic effects test
To examine variations in policy effects across different implementation batches, we define the first batch as the period from 2010 to 2012 (DID1), the second batch from 2013 to 2016 (DID2), and the third batch from 2017 to 2021 (DID3). The dynamic effects test results for these three stages are presented in Table 3. The results in column 2 of Table 3 show that the policy effect in the first batch is not statistically significant, though it exhibits an inhibitory tendency. This could be due to the lagged nature of policy implementation, where the effects take time to materialize, and the relatively short duration of the first batch, which limited its visibility. In contrast, the policy effects in the second and third batches are significantly negative, indicating that the low-carbon city pilot policy effectively reduced carbon emission intensity during these phases. However, the inhibitory effect in the third batch is weaker than in the second batch, possibly due to the shorter duration of enforcement or the larger number of cities involved in the third batch. This larger group of cities may have caused disparities in policy execution, with some cities engaging in “free-riding” behavior, which weakened the overall policy impact. From a policy perspective, these findings provide several key insights. First, the observed lag in the policy’s effects underscores the importance of sustained efforts and monitoring during the early stages of policy implementation. Second, the stable and significant inhibitory effects in the second batch highlight the need for balancing the scale and scope of policy implementation. Finally, addressing the issue of free-riding in later batches may require strengthening accountability mechanisms and tailoring policy measures to better align with local conditions, ensuring more effective execution.
TABLE 3 | Results of three-stage dynamic effects test and time placebo test.
[image: Table 3]5.2.3 Placebo test
To ensure the robustness of the estimated policy effects and eliminate potential biases from omitted variables or unobservable factors, placebo tests were conducted from both temporal and spatial perspectives. First, in the time placebo test, we examined whether the observed policy effects were due to systematic differences in time trends between the treatment and control groups, rather than the actual implementation of the low-carbon city pilot policy. Following the event-study framework, we artificially advanced the policy implementation by 2, 3, 4, and 5 years, creating counterfactual scenarios. The results, presented in Table 3, show that none of the artificially advanced policies were significant at the 5% or 10% levels. This indicates that the counterfactual policy effects are insignificant, supporting the conclusion that there are no systematic differences in time trends between the groups. Thus, the observed inhibitory effects can be attributed to the actual implementation of the low-carbon city pilot policy, rather than spurious correlations or pre-existing trends. Second, a city placebo test was conducted to address the potential influence of unobservable city-level factors or omitted variables. Unlike traditional placebo tests using dummy treatment groups, our approach randomly assigned the DID term to cities, accounting for both temporal and spatial differences. Figure 3 shows the results from 1,000 random draws, with fake regression coefficients on the left and fake p-values on the right. The placebo coefficients are tightly clustered around zero and are statistically insignificant, contrasting sharply with the significant coefficients in the baseline regression. This indicates that the placebo test successfully rules out the possibility of unobserved city-level factors or model misspecification biasing the estimated policy effects. In conclusion, the time and city placebo tests strongly confirm the robustness of the estimated impact of the low-carbon city pilot policy on carbon emission intensity.
[image: Figure 3]FIGURE 3 | Results of city placebo test. Note: This figure shows the results of the placebo test conducted at the city level. It evaluates whether the estimated treatment effect on carbon dioxide emission intensity is driven by random variation in the data rather than the actual policy intervention. The placebo test is applied by assigning the treatment to cities that did not receive the policy intervention. If the treatment effect is significantly different from zero in the placebo test, it would suggest that the observed effect may not be causal. Conversely, if the effect is close to zero and statistically insignificant, it supports the validity of the treatment effect estimated in the main analysis.
5.2.4 PSM-DID test
To address potential endogeneity issues arising from reverse causality or non-random selection bias, this study employs a multi-period difference-in-differences (DID) model combined with propensity score matching (PSM) as a robustness check. The primary PSM-DID regression uses 1:3 nearest neighbor matching with a caliper of 0.05. Robustness is further tested using alternative matching methods, including nearest neighbor matching, 1:3 nearest neighbor matching with a caliper of 0.01, radius caliper matching with a caliper of 0.01, kernel density matching, and local linear matching. The regression results in Table 4 show that all coefficient values are significantly negative across different matching methods. This confirms the robustness of the PSM-DID results, supporting the conclusion that the low-carbon city pilot policy significantly reduces urban carbon emission intensity. The consistency of negative coefficients across various matching techniques emphasizes the policy’s tangible impact on emission reductions. These results reinforce the validity of the baseline findings, confirming the success of the policy in achieving its environmental objectives. Moreover, the combination of PSM and DID models helps mitigate biases from unobservable factors and selection effects. The findings suggest that cities selected for the low-carbon city pilot program effectively utilized policy interventions to reduce carbon emissions. This highlights the importance of precise targeting and systematic implementation of environmental policies. Policymakers should continue identifying high-carbon cities and tailor pilot policies to local contexts to maximize their effectiveness. Furthermore, the robustness of the PSM-DID results suggests that expanding the program to more cities could yield similar emission reduction benefits while promoting sustainable urban development.
TABLE 4 | PSM-DID regression results with different matching methods.
[image: Table 4]5.2.5 Endogeneity test
To address potential endogeneity issues, such as reverse causality and omitted variables, this study employs two methods. First, the lagged control variable method is used. Due to the difficulty of identifying a perfect instrumental variable, this study follows prior research by lagging all control variables by one period. This helps reduce bias caused by simultaneous causality between the policy and the outcomes. Second, the predetermined variable method is introduced. Recognizing that initial differences in carbon emission intensity across cities might affect the policy’s effectiveness, the study includes an interaction term of lagged carbon emission intensity and time trend as a predetermined variable, controlling for the impact of initial emission levels. The results in Table 5 show that the coefficient of the core explanatory variable (DID) remains significantly negative even after applying these methods. This confirms that the low-carbon city pilot policy continues to significantly reduce carbon emission intensity, and the results are robust to concerns about endogeneity. These findings suggest that the policy consistently reduces carbon emission intensity, even when accounting for issues like reverse causality and omitted variables. This strengthens the conclusion that the policy has long-term and sustainable impacts. These results provide strong evidence that well-implemented low-carbon policies can effectively reduce emissions. Policymakers should continue to prioritize low-carbon pilot zones and expand such initiatives while considering the impact of initial carbon emission levels in future policy design. Additionally, the findings highlight the importance of addressing endogeneity concerns in policy evaluation to ensure that observed effects are attributed to the policy itself, not confounding factors.
TABLE 5 | Results of endogeneity test, non-random selection test, and same-period policy test.
[image: Table 5]5.2.6 Non-random selection test
Since the selection of low-carbon pilot cities may not be random, this study investigates the impact of inherent differences in economic development and industrial bases on the selection process. Cities with lower initial carbon emission intensity are more likely to be chosen as pilot cities, as they are better aligned with the policy’s goals. Furthermore, city-specific characteristics may affect carbon emission intensity differently over time, potentially leading to estimation bias. To address these issues, city-specific dummy variables and their interaction terms with a polynomial time trend are incorporated into the baseline regression model. The model is specified as follows:
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Where Kc represents city-specific attributes, such as whether a city is in a “two-control zone,” a pollution prevention pilot area, or a special economic zone, and f(t) is a polynomial time trend with linear and quadratic terms. The term Kc⋅f(t) accounts for how city attributes influence carbon emission intensity over time.
The regression results for the non-random selection model (Equation 7) in Table 5 show that even after controlling for city-specific attributes and their time-varying effects, the coefficient of the core explanatory variable (DID) remains significantly negative. This result is consistent with the baseline regression findings and provides robust evidence of the policy’s effectiveness in reducing carbon emission intensity. These results indicate that the selection of low-carbon pilot cities is influenced by initial factors such as economic and industrial characteristics. However, non-random selection does not undermine the policy’s overall effectiveness. Policymakers should be aware of potential biases in city selection to ensure a fair and comprehensive evaluation of the policy’s impact. Addressing these selection biases in future initiatives can help ensure a more equitable distribution of resources and policy benefits across cities. Furthermore, the findings suggest that policies targeting cities with distinct economic and industrial profiles may require tailored implementation strategies. Policymakers should consider designing complementary measures to address structural challenges in cities with higher initial carbon intensities, ensuring that low-carbon initiatives have a broader and more inclusive impact.
5.2.7 Concurrent policy test
Since the implementation of the low-carbon city pilot policy may overlap with other policies in terms of timing and geographical scope, this study includes dummy variables for relevant policies to control for potential confounding effects. These dummy variables represent whether a city is a pilot city for “carbon emissions trading” (DID4), a key area for air pollution prevention and control (DID5), or a pilot city for pollutant discharge rights trading (DID6). By incorporating these variables, we can assess the impact of the low-carbon city pilot policy while accounting for the influence of concurrent policies. The regression results in Table 5 show that the coefficient of the core explanatory variable (DID) remains significantly negative across all models. This suggests that even with the presence of other concurrent policies, the low-carbon city pilot policy continues to effectively reduce urban carbon emission intensity. This finding strengthens the robustness of the baseline regression results, indicating that the policy is a key instrument for emission reduction, independent of other environmental and regulatory measures. These results confirm that the low-carbon city pilot policy is an effective and independent tool for reducing carbon emissions, even when other related policies are simultaneously implemented. Notably, the policy’s sustained effectiveness, despite the concurrent implementation of carbon emissions trading and air pollution control measures, suggests that the integration of multiple environmental policies can complement rather than undermine the overall emission reduction goal. This highlights the importance of policy coherence and synergy in addressing urban environmental challenges. The findings encourage further expansion of the low-carbon city pilot policy and emphasize the value of aligning it with other concurrent policies. Furthermore, these results underscore the need for a holistic approach to urban environmental governance, where various policies work in tandem to create a more sustainable future.
5.2.8 Other robustness tests
To further enhance the credibility and robustness of the empirical findings and minimize the influence of confounding factors, this study conducts additional robustness tests. These include excluding municipalities from the sample, shortening the sample period to 2008–2019, adjusting the second batch policy implementation year to 2012 (DID7), replacing the dependent variable with per capita carbon dioxide emissions, and performing two-tailed trimming and censoring at the 1% and 99% quantiles. The results in Table 6 show that the coefficients of the core explanatory variables remain significantly negative across all models, indicating that after applying these robustness procedures, the policy’s effects remain stable. This further confirms the robustness of the baseline regression results. These robustness tests strengthen the conclusion that the low-carbon city pilot policy significantly reduces urban carbon emission intensity. The consistent negative coefficients across various robustness checks reinforce the validity of the original findings, suggesting that the policy’s effectiveness is not sensitive to model specifications or sample variations. This consistency enhances the policy’s credibility and provides a solid foundation for its continued implementation. The findings have several important policy implications. First, the policy’s strong effectiveness across various tests suggests its potential for long-term success in achieving carbon reduction goals. Second, the consistency of results across different robustness checks indicates that the policy can be applied to cities with varying characteristics. This supports the case for scaling up the policy to other cities or regions that have not yet implemented low-carbon initiatives. Furthermore, the robustness tests using different outcome measures, such as per capita carbon emissions, further support the policy’s effectiveness in reducing urban carbon intensity. These findings suggest that expanding low-carbon initiatives to more cities while refining implementation could enhance national and regional efforts to combat climate change.
TABLE 6 | Results of other robustness tests.
[image: Table 6]5.3 Mechanism analysis
5.3.1 Mediation effect
To explore the indirect effects of the low-carbon city pilot policy through three channels—enhancing carbon sink levels, fostering technological investment, and upgrading industrial structures—this study employs the bootstrap method. The results are presented in Table 7. According to the bootstrap method, if the indirect effect is not significant, there is no mediation effect; if both the indirect and direct effects are significant and have the same sign, this indicates a partial mediation effect, with the mediation proportion calculated as the ratio of the indirect effect to the sum of the direct and indirect effects.
TABLE 7 | Results of mediation effect mechanism test.
[image: Table 7]In column (1) of Table 7, we observe that the indirect effect of carbon sink levels on reducing carbon emission intensity is statistically significant at the 1% level (−0.72%), with the direct effect also significant at the 1% level (−15.52%). This indicates a partial mediation effect, with the mediation proportion standing at 4.43%. In other words, 4.43% of the reduction in carbon emission intensity resulting from the pilot policy can be attributed to improvements in carbon sink levels. This reflects the policy’s success in strengthening investments and management in carbon sink projects, such as promoting “green cities” and expanding carbon sequestration areas, which enhance the ecosystem’s ability to absorb CO2. Similarly, column (3) reveals that industrial structure upgrades also contribute to a partial mediation effect on carbon emission intensity reduction. The indirect effect is 1.22%, and the direct effect is 15.64%, with the mediation proportion being 7.24%. This suggests that the policy’s success in reducing carbon emission intensity is, in part, due to its role in upgrading industrial structures, shifting energy consumption patterns, and reducing the share of high-pollution industries. However, as shown in column (2), technological investment does not exhibit a significant indirect effect. While the direct effect of technological investment on carbon emission intensity is significant at the 1% level (−17.03%), the lack of a mediation effect suggests that technological investment does not play a mediating role. Therefore, the reduction in carbon emission intensity resulting from the policy cannot be attributed to increased technological investment. The absence of a mediation effect may be due to factors such as bottlenecks in the development of critical technologies or the failure to capture green innovation aspects of technological investments in the model. In conclusion, these findings suggest that the low-carbon city pilot policy reduces carbon emission intensity primarily through enhanced carbon sink levels and industrial structure upgrades, rather than through technological investment. These results provide empirical support for the hypothesized mediation mechanisms of the policy.
5.3.2 Moderation effect
Table 8 presents the results of the moderation effect analysis, which examines how environmental regulations, fiscal freedom, and population growth rate influence the effectiveness of the low-carbon city pilot policy. Columns (1), (3), and (5) present the regression results for the independent variable (DID), the moderating variables, and their interaction terms, while columns (2), (4), and (6) show the results after centering the variables.
TABLE 8 | Results of moderation effect mechanism test.
[image: Table 8]From column (2), we infer that both the main effect of DID and the coefficient of the interaction term for environmental regulations (c_DID_c_ER) are significant but have opposite signs. This indicates that environmental regulations do not significantly enhance the inhibitory effect of the pilot policy on carbon emission intensity. In fact, they exhibit a significant negative moderation effect, meaning that stronger environmental regulations in a city do not necessarily align with the low-carbon pilot policy’s objectives and may even reduce its effectiveness. This could be due to a mismatch between the existing regulatory framework and the policy’s goals. To address this, it is recommended to strengthen the enforcement of environmental regulations and improve their alignment with low-carbon policies. Additionally, fine-tuning implementation details and increasing penalties for non-compliance could ensure better coordination between environmental, fiscal, and economic policies. In contrast, column (4) reveals that both the main effect of DID and the interaction term for fiscal freedom degree (c_DID_c_FFD) are significant and have the same sign, indicating a positive moderation effect. This shows that cities with greater fiscal freedom are more effective in implementing green low-carbon policies. Higher fiscal freedom enables local governments to better allocate resources, provide more financial support for environmental protection, and ultimately achieve the dual goals of sustainable development and environmental conservation. The positive moderation effect of fiscal freedom supports existing theories suggesting that fiscal autonomy enables more flexible and effective policy implementation. Similarly, column (6) demonstrates that population growth rate also exerts a significant positive moderation effect. Cities with higher population growth rates exhibit more significant reductions in carbon emission intensity due to the low-carbon city pilot policy. Rapid population growth increases resource demand, which in turn encourages governments and businesses to prioritize environmental protection and low-carbon technologies. This creates a more conducive environment for the successful implementation of the pilot policy. In conclusion, the findings suggest that the effectiveness of the low-carbon city pilot policy is enhanced when cities have weaker environmental regulations, greater fiscal freedom, and faster population growth. These results provide strong support for the conjecture that the moderation effects of these factors play a significant role in influencing the success of the policy.
5.4 Heterogeneity analysis
5.4.1 Economic level heterogeneity
This study explores economic level heterogeneity in two ways. First, cities are grouped by their administrative hierarchy, with municipalities directly under the central government and vice-provincial cities categorized as non-prefecture-level cities. Columns (1) and (2) of Table 9 show significant differences in the effects of the pilot policy across cities with different administrative levels. Specifically, non-prefecture-level cities show better performance compared to prefecture-level cities. Second, based on the “2022 City Business Attractiveness Rankings,” cities are divided into high, medium, and low economic level groups, using third-tier and fourth-tier cities as thresholds. Columns (3) to (5) of Table 9 indicate that the higher the economic development level of the city, the better the effect of the pilot policy. The results from both approaches are consistent, suggesting that cities with higher administrative ranks and better business attractiveness tend to achieve better outcomes with the pilot policy. This can be attributed to several factors. First, higher-ranking cities generally have better access to resources, superior infrastructure, and more favorable policies, all of which facilitate low-carbon initiatives. Additionally, these cities attract more foreign investment and high-tech enterprises, benefiting from technological innovation and spillover effects that reduce carbon emissions. Furthermore, they often have more advanced industrial structures, particularly in the service sector, where industries such as finance are cleaner and more environmentally friendly. In contrast, cities with lower economic development levels are often more industrialized, with high-pollution, high-energy-consuming, and high-emission industries, which hinder reductions in carbon emission intensity. These findings have important policy implications. They suggest that low-carbon pilot policies are likely to be more effective in cities with higher administrative levels and stronger economic foundations, especially those with a more diversified and environmentally friendly industrial structure. To maximize the policy’s effectiveness, it would be beneficial to direct resources and interventions toward cities with lower economic levels, helping them improve their industrial structures and attract cleaner technologies.
TABLE 9 | Results of economic level heterogeneity test.
[image: Table 9]5.4.2 Geographical location heterogeneity
This study explores geographical location heterogeneity by dividing China into four regions: Eastern, Central, Western, and Northeastern, based on the classification of the National Bureau of Statistics. As shown in Table 10, columns (1) to (4), the pilot policy yields the best results in the Western region, followed by the Central region, with the weakest results observed in the Eastern region. The effects in the Northeastern region are not significant. This pattern suggests that the effectiveness of the pilot policy declines from West to East. One reason for this is that the Western and Central regions are key areas for energy development, utilization, and industrial upgrading, offering more potential for emission reduction. In contrast, the Eastern region already has a relatively well-structured industrial layout and more advanced government policies, which may limit the improvement potential between pilot and non-pilot cities. Furthermore, the study divides regions into North and South based on the Qinling-Huaihe Line. As shown in Table 10, columns (5) and (6), the policy effects are significantly better in the Southern region compared to the Northern region. This suggests a gradual decline in the effectiveness of the pilot policy from South to North. The Northern region is characterized by higher carbon emissions from heavy industries, making significant reductions more challenging. This highlights the regional disparities in industrial structure and emission profiles, which influence the policy’s success. In summary, the pilot policy shows decreasing effectiveness from the Western to the Eastern regions and from the Southern to the Northern regions. These regional differences emphasize the need to tailor policies to local contexts. In regions with higher emission intensities or more room for industrial upgrading (such as the West and South), the policy is more effective. In contrast, regions with more balanced industrial structures (such as the East and North) may require more targeted interventions to achieve significant reductions in carbon emission intensity.
TABLE 10 | Results of geographical location heterogeneity test.
[image: Table 10]5.4.3 Resource endowment heterogeneity
This study further examines the impact of resource endowments on the effectiveness of the pilot policy by dividing the sample into resource-based and non-resource-based cities. Resource-based cities are further categorized into growth, mature, fading, and rejuvenation types, according to the “National Sustainable Development Plan for Resource-based Cities (2013–2020).” The results presented in Table 11, columns (1) and (2), show that resource endowments significantly influence the policy’s effectiveness, with non-resource-based cities generally performing better than resource-based cities. In particular, columns (3) to (6) reveal that only rejuvenation-type resource-based cities experience a significant reduction in carbon intensity after the implementation of the pilot policy. This suggests that the success of the pilot policy is closely tied to the developmental stage of resource-based cities. Cities in the “growth” or “mature” stages, with their dependence on resource extraction and heavy industries, face limitations in reducing carbon emission intensity. In contrast, “rejuvenation-type” resource-based cities, undergoing industrial transformation and restructuring, create a more favorable environment for the success of low-carbon policies. These findings highlight the need for tailored policy approaches, considering the specific resource endowments and industrial structures of cities. Rejuvenation-type cities, focusing on industrial upgrading and environmental improvement, are more likely to benefit from low-carbon policies, while growth and mature resource-based cities may require additional measures to diversify their economies and reduce reliance on high-emission industries.
TABLE 11 | Results of resource endowment heterogeneity test.
[image: Table 11]5.4.4 Industrial foundation heterogeneity
This study investigates the heterogeneity of the pilot policy’s effects across cities with different industrial foundations. The sample of 120 cities is divided into “old industrial base cities” based on the “State Council’s Plan for Adjusting and Transforming Old Industrial Bases (2013–2022).” Among these, 95 are prefecture-level cities, and 25 are non-prefecture-level cities. The results presented in Table 12, columns (1) and (2), show that the policy’s effects are significantly stronger in old industrial base cities compared to non-old industrial base cities. Further analysis in columns (3) and (4) shows that the policy effects are even more pronounced when old industrial base cities are classified as non-prefecture-level cities. This finding aligns with the previous analysis on administrative levels, suggesting that higher administrative levels contribute to more effective policy implementation. The better performance of old industrial base cities can be attributed to several factors. These cities tend to have more mature industrial systems and well-established production processes, which facilitate the rapid implementation of necessary upgrades and technological innovations to reduce emissions. In contrast, non-old industrial base cities may lack the same industrial infrastructure and experience in rapid transformation, making the implementation of low-carbon policies more challenging. Additionally, old industrial base cities, particularly those with higher administrative levels, are more likely to have earlier access to pilot policy programs, resulting in more noticeable and significant reductions in carbon emission intensity.
TABLE 12 | Results of industrial base heterogeneity test and population size heterogeneity test.
[image: Table 12]5.4.5 Population size heterogeneity
This study examines the impact of population differences on the effectiveness of the low-carbon city pilot policy from two perspectives. First, cities are classified based on their location relative to the Hu Huanyong Line, which divides China into regions with varying population densities. According to the results in Table 12, columns (5) and (6), cities east of the Hu Huanyong Line (i.e., those with higher population density) show significantly better policy effects compared to cities to the west. This suggests that higher population density contributes to better policy outcomes, likely due to the greater opportunities for energy efficiency improvements and public transportation use, both of which are key drivers of carbon reduction. Second, cities are categorized by population size, with large cities defined as those exceeding a specific population threshold, as outlined in the “Notice on Adjusting City Size Classification Standards.” The results in columns (7) and (8) of Table 12 show that large cities exhibit significantly better policy effects compared to medium and small cities. This reflects the pioneering role of large cities in implementing low-carbon policies, often serving as leaders and models for others. These findings are likely driven by the higher carbon emissions associated with larger populations, especially in urban areas where population and economic activity are concentrated, leading to higher energy consumption. In large cities, policy interventions, such as energy-efficient housing, public transportation, and green infrastructure, can be more effectively implemented due to their scale and available resources. Additionally, the population density and urbanization in large cities enable more impactful reductions in both residential and transportation-related emissions.
5.5 Generalizability of the findings
5.5.1 Generalizability to other regions in China
The impact of low-carbon city pilot policies may vary significantly across different regions of China. Due to substantial regional disparities in economic development, industrial composition, and population density, the effects observed in cities with high economic activity, such as those in the eastern and coastal regions, may not be directly applicable to cities in the western or less-developed areas. Cities in the eastern regions generally benefit from advanced infrastructure, higher population densities, and greater financial resources to implement low-carbon measures, which may result in more substantial reductions in carbon emission intensity. In contrast, cities in the western regions face challenges such as limited resources, slower industrial upgrading, and lower urbanization rates, which could impede the effectiveness of low-carbon policies. However, the core mechanisms identified in this study—such as enhancing carbon sink capacity, fostering technological innovation, and upgrading industrial structures—are likely to be applicable across different regions. Although the relative impacts of these mechanisms may vary depending on local contexts, the underlying principles of the policies remain relevant. Therefore, while the core components of the policy may be applicable nationwide, their effectiveness will depend on regional characteristics and may require tailored approaches to address the specific challenges of each region.
5.5.2 Generalizability to other developing countries
The findings of this study are also relevant to other developing countries facing similar challenges, such as rapid urbanization and increasing carbon emissions. Many countries in Asia, Africa, and Latin America are experiencing urban growth and industrial expansion, both of which contribute to higher carbon emissions. The policy mechanisms examined in this study—such as strengthening environmental regulations, enhancing fiscal autonomy, managing population growth, and promoting a shift toward low-carbon industries—are applicable in similar contexts within these regions. However, the effectiveness of these measures may be influenced by local factors, such as governance structures, economic conditions, and levels of public awareness. For instance, public participation and environmental awareness may play a more significant role in some countries than in others, thereby influencing the success of these policies. Additionally, the capacity of local governments to implement low-carbon initiatives and the level of technological advancement in these countries may differ, which could impact the effectiveness of the policies.
5.5.3 Limitations in generalizability
Despite the potential relevance of the findings to other regions or countries, there are certain limitations in the generalizability of the results. The institutional, political, and economic context in China is unique and may not be directly comparable to other countries. For example, the strong central government control and coordinated policy-making in China have played a crucial role in the success of the low-carbon city pilot policies. In countries with weaker institutional frameworks or different governance structures, the implementation and outcomes of similar policies may differ significantly. Moreover, variations in the availability of resources, technological capabilities, and public awareness in other countries could affect the implementation of these policies. For instance, countries with underdeveloped infrastructure or lower levels of public awareness may face challenges in achieving the same success in reducing carbon emissions. Therefore, while the mechanisms explored in this study offer valuable insights, their applicability to other regions and countries requires careful consideration of the specific local conditions and challenges. Future research should examine how these mechanisms apply in different contexts and assess the factors that may influence the effectiveness of such policies outside of China.
6 CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion
This study emphasizes the importance of evaluating low-carbon city pilot policies, particularly in the context of China’s ambitious “carbon peaking” and “carbon neutrality” goals. Using data from 283 cities spanning from 2005 to 2021, we employed a multi-period difference-in-differences (DID) approach to assess the impact of the low-carbon city pilot policies on carbon emission intensity. Multiple robustness checks, including dynamic effects, placebo tests, and matching techniques, further validate the results. Additionally, we explored the underlying mechanisms and heterogeneity of the policy’s effects across various urban contexts. The main findings of this study are as follows.
(1) Significant Reduction in Carbon Emission Intensity: The low-carbon city pilot policy has led to a significant reduction in carbon emission intensity, with the policy’s effects strengthening and stabilizing over time. Although some cities show “free-rider” behavior, robustness checks confirm the validity of the results.
(2) Mediation Mechanisms: The policy reduces carbon intensity primarily through two channels: enhancing carbon sinks (contributing 4.3% to the reduction) and upgrading industrial structures (contributing 7.1%). However, the impact of technological investment remains minimal, suggesting that greater efforts are needed to scale up green technological innovations.
(3) Policy Moderation Effects: Local environmental regulations negatively moderate the policy’s effectiveness, while fiscal autonomy and population growth rates positively influence the outcomes. This underscores the importance of balanced local governance in maximizing the policy’s impact.
(4) Heterogeneity in Policy Effects: The policy’s effectiveness varies across cities depending on economic development, geographical location, industrial foundation, resource endowment, and population size. Cities with higher economic development, more favorable locations (west and south), stronger industrial bases, and larger populations tend to experience greater reductions in carbon intensity.
6.2 Recommendations
Based on the above conclusions, we provide the following policy recommendations.
(1) Strengthen Policy Evaluation Systems: The findings highlight the importance of continuous and comprehensive evaluation of low-carbon city pilot policies. Given the success of the pilot policies in reducing carbon emission intensity, a gradual and expanding approach should be adopted. This involves scaling successful practices from pilot cities to broader regions, while establishing a feedback mechanism for ongoing policy improvement. Local governments should implement robust post-policy performance evaluation systems to monitor long-term effects and ensure sustained carbon reduction. Additionally, measures should be taken to prevent free-rider behavior in cities that benefit from the policy without contributing to its success. The focus should be on stabilizing and sustaining the policy’s dynamic effects to achieve long-term carbon reduction goals.
(2) Enhance Mediation Mechanisms for Carbon Reduction: In order to deepen carbon emission reductions, policies should prioritize enhancing carbon sinks and promoting industrial transformation. To this end, carbon sink enhancement, such as accelerating reforestation and land restoration, should become a core strategy. These efforts can significantly improve the natural carbon storage capacity of ecosystems, thus contributing to long-term emission reductions. Furthermore, industrial upgrading is essential for achieving low-carbon development. Policies should support the transition to low-carbon industries, especially through technological innovation in carbon capture, utilization, and storage (CCUS) technologies. Given the minimal impact of technological investments observed in this study, greater efforts are needed to scale up green technologies and foster innovation in low-carbon solutions. Additionally, local governments should provide targeted incentives for industries to adopt low-carbon production methods, encouraging them to reduce their carbon footprint and shift towards more sustainable practices.
(3) Focus on Modulatory Mechanisms: The study indicates that fiscal autonomy, population growth, and environmental regulations can either amplify or undermine the policy’s effectiveness. To maximize the impact of low-carbon policies, local governments should strengthen environmental regulations to align them better with low-carbon objectives. This may involve introducing higher taxes on carbon-intensive activities and offering subsidies for green technologies and energy-efficient practices, which can incentivize businesses to transition to low-carbon models. At the same time, fiscal autonomy should be carefully managed to prevent the crowding-out effect, where excessive fiscal pressures inadvertently lead to increased carbon emissions. Setting appropriate thresholds for fiscal freedom will help ensure that financial resources are allocated efficiently and sustainably. Lastly, encouraging population growth in cities through migration policies can leverage economies of scale and human capital benefits. Larger cities tend to have more resources and better infrastructure to implement green initiatives, and higher population density can make public transport, waste management, and energy use more efficient. Therefore, policies that facilitate migration to pilot cities can enhance the overall success of low-carbon initiatives.
(4) Tailored Approaches for Diverse Urban Contexts: The study demonstrates that low-carbon city policies are more effective in cities with higher economic development, stronger industrial bases, and larger populations. Therefore, tailored approaches are necessary to ensure the policy’s success across various urban contexts. The central government should prioritize cities with strong industrial bases, higher economic development, and favorable geographic locations (e.g., southwestern regions) for the initial phase of policy implementation. These cities can serve as models for successful policy deployment. For cities facing specific challenges, such as resource-based cities or those with lower economic development, a phased implementation approach should be adopted. Policies should be customized to suit the local conditions and gradually expand to other regions as cities build their capacity for low-carbon transformation. Moreover, policy assessments should be comprehensive, considering factors like industrial structure, resource endowment, and population demographics. This will help avoid unintended negative consequences in specific contexts and ensure that policies are effective in promoting sustainable urban development.
6.3 Limitations and future research directions
While this study provides important insights into the effectiveness of China’s low-carbon city pilot policies, several limitations remain.
(1) Limited Scope of Mediating Factors: This study focuses on a few key mediation channels, but future research could examine additional factors such as local innovation systems, public-private partnerships, and social capital. Understanding the role of these factors could provide a more comprehensive view of how low-carbon transitions unfold in various urban contexts.
(2) Barriers to Technological Investment: The limited impact of technological investments suggests that future studies should explore the barriers to scaling low-carbon technologies, particularly in urban environments. Research could focus on how innovation contributes to emission reductions and identify strategies to accelerate technological development and investment, especially in renewable energy and carbon capture technologies.
(3) Regional Disparities: Future research should investigate how low-carbon city policies can be tailored to regions facing specific challenges. For example, northern cities may be more reliant on coal, while resource-based cities could experience “carbon lock-in” effects. Longitudinal studies could assess the long-term sustainability of low-carbon city policies and how these policies evolve in different regions over time.
(4) Behavioral and Social Factors: Further studies could investigate the behavioral and socio-political factors influencing the success or failure of low-carbon city policies. This could include examining the role of public awareness, citizen engagement, and local leadership in driving successful transitions to a low-carbon economy.
(5) Generalizability of Findings: The findings of this study are based on data from 283 Chinese cities and may not fully apply to other regions or countries with different institutional, economic, or environmental conditions. Future research should explore the generalizability of these findings to other regions, particularly developing countries or cities with varying levels of industrialization and resource endowment. Understanding the context-specific factors that influence the success of low-carbon policies is critical for scaling up similar initiatives globally.
In conclusion, while this study highlights the effectiveness of low-carbon city pilot policies in reducing carbon emission intensity, achieving China’s long-term carbon neutrality goals will require policies that consider regional and urban diversity. Future research will be crucial in refining these policies, overcoming implementation barriers, and ensuring that low-carbon transitions are inclusive and sustainable across different urban contexts.
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Variable name Non-resource-based Resource-based Rejuvenation

(1) ) (6)

DID ‘ -0.061*** 0.005 0.002 0.004 0.004 0.150**

‘ (=3301) (0.208) (0.021) (0.140) (0.063) (2.583)
Controls ‘ Yes Yes | Yes Yes | Yes Yes
Year FE ‘ Yes Yes Yes Yes Yes Yes
City FE | Yes | Yes Yes Yes Yes Yes
N ‘ 2853 1938 238 1,054 391 255
R 0973 0.965 0974 0.974 0.966 0959
Adj. R* 0971 0.962 0.969 0.971 0.962 | 0952

Note: This table presents the results of the resource endowment heterogeneity test, which examines the impact of low-carbon policy implementation (DID) across different resource-based
categories. The sample is divided into two groups: resource-based and non-resource-based. Additionally, resource-based cities are further categorized into five types based on their stage of
development: Growth, Mature, Fading, and Rejuvenation. The results indicate that the policy effect is statistically significant for non-resource-based cities and rejuvenating cities, but not for
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DID 0109+ ~0039* 0014 0,038 0035 ~0.058**
(-3.260) (-2229) (0430) (-2250) (-2027) (~4.165)
DID_ER 0315 |
(1.875) |
¢.DID_c_ER | 0315*
(1.875)
ER 12140 1288
(6212) (7.170)
DID_FFD 0123
[ 1 (-2231)
¢_DID_c_FFD 0123
[ | (-2231)
FED ~0.165* 0194
(-2.080) (-2.571)
DID_PGR | [ 0372
(-2668)
¢_DID_c_PGR | o
(-2.668)
PGR ~0039 | ~0.127
‘  Cosw (-2277)
Controls | Yes | Yes Yes Yes Yes | Yes
Year FE Yes Yes Yes Yes Yes Yes
City FE [ Yes | Yes [ Yes [ Yes Yes | Yes
N 4791 4,791 | 4791 4,791 I 4624 4624
R | 0.969 0969 0969 0969 0973 | 0973
Adj. R 0967 0967 0967 0967 0971 0971

Note: This table presents the results of the moderation effect mechanism test, investigating how Environmental Regulation (ER), Fiscal Freedom Degree (FFD), and Population Growth Rate
(PGR) moderate the relationship between the implementation of low-carbon policies (DID) and carbon dioxide emission intensity. The interaction terms (. c_DID_c_ER, ¢_DID_c_FFD,
and ¢_DID_c_PGR) represent the moderated relationships and are centered around their respective means to mitigate multicollinearity. Statistical significance s indicated by ***, *, and * for
i DT 5 4 08, 4id i 0L vespnctinely: The valines 1o praitbiosts Tepveecs tin Latarstics.
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Indirect effect ~0.007*+* 0.000 -0.012%
(-3.107) [ (0.560) (-3.335)
Direct effect ~0.155"** ~0.170%** ~0.156"**
(-8.580) (-9.185) (-8.585)

N 4723 4791 4,502

Note: This table presents the results of the mediation effect mechanism test, examining how carbon sequestration level, technological investment, and industrial structure upgrade mediate the
relationship between policy implementation and carbon dioxide emission intensity. The table shows the indirect and direct effects for each of the three mediating variables. Statistical
significance is indicated by ***, **, and * representing p < 0.01, p < 0.05, and p < 0.1, respectively. The values in parentheses represent the t-statisti
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Variable name

DID ~0512% 0170+ 0652 0088+ 0104 0048
(-9.968) (-3272) (-35503) (-3.860) (-4870) (-2971)
DI -1131 0593+ -0359
(-1340) (-2441) (-1368)
GSL 0934+ 0767+ 12814
(2825) (7.743) (6823)
EL 0408+ 0628+ 0370
(-9.950) (-25.633) (-6413)
D 0031 0047+ 0.061%
(-0817) (-2.820) (2281)
PD -0.020 0003 -0010
(-0722) (-0375) (-1272)
PCC 0247 ~0.050** 0018
(~4.008) (-2697) (-1.225)
FED 0518+ 0290+ 0195
(3588) (4583) (-2555)
I ~1.053+ ~0.145% -0.103*
(-5.141) (-2.191) (-1.770)
Year FE No No No No Yes Yes
City FE No No Yes Yes Yes Yes
N 5,557 4791 5,557 4791 5,557 4791
R o111 0402 0267 [ 0.864 0936 0,969
Adj. R o111 0401 0267 0.864 0931 0.967

Note: This table reports the results of the baseline regression analysis using Ordinary Least Squares (OLS) and Fixed Effects (FE) models. The dependent variable is carbon dioxide emission
intensity, and the table shows the coefficients and t-statistics for key variables. Statistical significance is indicated by ***, **, and * representing p < 0.01, p < 0.05,and p < 0.1, respectively. The
regression models include year and city fixed effects where indicated.
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dynamic advance advance advance advance
effects
(3) (4) (5) (6)
DID 0031 -0.028 -0.024 0020
[ [ (-1.864) (-1.552) [ (-1.211) | (-0.788)
» DIDI -0011 | -0012 |

(-0587)  (-0916)

DID2 ~0.069** | -0.047**

(-4.014)  (-3714)

DID3 SO111 | ~0.039%
(-4.159)  (-2.025)

Controls No Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes
City FE Yes Yes Yes Yes Yes Yes
N 5,557 4,791 | 4,791 4,791 4,791 | 4,791
R 0935 0.969 0.969 0969 0969 0969
Adj. R 0931 0967 [ 0967 0967 0967 | 0967

Note: This table presents the results of the three-stage dynamic effectstest and time placebo test. The dependent variable is carbon dioxide emission intensity, and the table shows the coefficients
and t-statistics for the key variables. The test examines the effects of pilot policies at different time intervals (two, three, four, and 5 years in advance). Statistical significance is indicated by ***, **,
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Variable name Sample size Mean Standard deviation Minim Median  Maximum

CDEI Carbon Dioxide Emission Intensity 5,557 -8.603 0.653 -11377 ~8.596 ~6436
PCCDE Per Capita Carbon Dioxide Emissions | 5481 [ 1750 | 0710 | 0754 1751 7972
DID Implementation of Pilot Policies 5,559 0237 0425 0.000 0.000 1.000
csL Carbon Sink Level 4,794 0385 0.068 -0.134 0.400 0.661
18U Industrial Structure Upgrading 5,168 0.408 0.103 ~0.168 0.398 0.89
ER Environmental Regulations 5,559 0221 0214 -5.388 0.168 3581
PGR Population Growth Rate 5,108 0.064 0.102 ~0.654 0.053 2935
EDI Foreign Direct Investment 5253 0.030 0.985 ~6.795 0.011 70.591
GSL Government Support Level ) 5,559 0221 0214 -5.388 0.168 3581
EL Economic Level 5479 10.366 0.867 7.396 10.364 15.902
FD Financial Development 4,896 0.930 0.766 -30.811 0.760 9.623
PD Population Density 4,852 7.936 0.807 329 7.909 9.908
PCC Pollution Control Capacity I 4,896 0.863 0.284 -1.276 0.989 5.081
FFD Fiscal Freedom Degree 5,559 0428 0237 -2.505 0.389 1233
gl Technological Investment | 5,066 0017 0.056 -0292 0.009 1.000

Note: This table presents the descriptive statistics for the variables used in the study. The sample size, mean, standard deviation, minimurm, median, and maximun values are reported for each
Gababds
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name samples window points variable trimming censoring
(1) ) (3) 4) () (3]
DID 0040 ~0.040* 0,048+ 0032 ~0.033*
(-2553) s (-2.971) | (-2244) | (-2.360)
DID7 ~0.048°* |
| (-2.951)
Controls Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes | Yes
City FE Yes Yes Yes Yes Yes | Yes
N 4723 I 3382 4791 4791 ] 4791 7 4212
R 0969 0.967 0969 0975 0971 0975
Adj R 0967 0.964 0967 0973 0969 0973

Note: This table shows the results of additional robustness tests, including the exclusion of certain samples, shortening the time window, changing time points, modifying the dependent variable,
and applying two-tailed trimming and censoring. The dependent variable is carbon dioxide emission intensity, and the table reports the coefficients and t-statistics for the DID variable under
these alternative specifications. Statistical significance is indicated by ***, **, and * representing p < 0.01, p < 0.05, and p < 0.1, respectively. All models include year and city fixed effects, and
coitiols e deiad e ol sioshcitings,
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DID 0061 0060 ~0.060** ~0043% 0031+ ~0023*

(-2487) (-2476) (-2476) (-2990) (-2652) | (-1943)
Controls Yes Yes Yes Yes Yes | Yes
Year FE Yes Yes Yes Yes Yes Yes
City FE Yes Yes Yes Yes Yes Yes
N 4782 4782 4782 4775 4782 4782
R 0200 0200 0200 0554 0,693 0.687
Adj. R 0.145 0.145 0145 0523 0672 0.666

Note: This table presents the results of the PSM-DID (Propensity Score Matching with Difference-in-Differences) regression, using different matching methods for propensity score matching.
The dependent variable is carbon dioxide emission intensity, and the table shows the coefficients and t-statistics for the DID variable under different matching techniques: Basic Matching,
Nearest Neighbor Matching, Caliper Nearest Neighbor Matching, Radius Caliper Matching, Kernel Density Matching, and Local Linear Matching. Statistical significance is indicated by ***, **,
A * iepreseating b4 001, 5% D08 siid B < 0.1, Tepecevely. ANl mbdke: incleds cartools. s hotli veai sad ity fixed: aliacs.
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(9] (2) (5) (6) @)
DID 0057+ ~0020°* 0042 ~0.043 0036 0,048+ -0026*
L ) | (-2.783) (2766) | (2736) | (-2274) | (-2942) (-1.685)
DID4 [ [ | 0103+
[ | i (~4.488)
DIDS 0032+
I | (2.131)
DID6 ~0.132*
[ | (-6.821)
Controls | No Yes Yes Yes Yes | Yes Yes
lagged Controls Yes No No No No No No
Ke-t No No Yes Yes No No No
Ke- £ No No No Yes No No No
Year FE Yes Yes Yes Yes Yes Yes Yes
City FE Yes Yes D e | e Yes Yes Yes
N 4,508 4510 4791 4,791 4791 4791 4791
r 0957 0.985 0970 0970 0970 0.969 0971
Adj. R [ 0953 0.984 Coses | ose 0.968 0967 0969

Note: This table presents the results of several robustness checks: the endogeneity test, non-random selection test, and same-period policy test. The dependent variable i carbon dioxide emission
intensity, and the table shows the coefficients and t-statistics for the DID variable under various specifications, including the lagged control variable, predetermined variables, and different policy
pilot programs (e.g, carbon emission trading, air pollution control, pollutant discharge trading). Statistical significance is indicated by ***, **, and * representing p < 0.01, p < 0.05, and p < 0.1,
respectively. All models include year and city fixed effects, with some specifications incorporating lagged controls and the interaction terms for non-random selection and same-period policy
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