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Excessive emissions of carbon dioxide and other greenhouse gases have seriously affected the ecological environment and the normal operation of the social economy, and low-carbon city policy (LCCP) is one of China’s main policies to achieve carbon emission reduction goals. This study focused on the 280 cities in China, and used the difference-in-differences (DID) model and nighttime light data to evaluate the impact and mechanisms of LCCP on carbon emissions from 2003 to 2016. The results show that: 1) The implementation of LCCP can reduce carbon emissions by 16.2%; 2) Mechanism analysis shows that LCCP can achieve carbon reduction through the guidance of government behaviors, improvements of industrial structure and innovation capabilities, reductions of energy consumption, and the optimization of the ecological environment; 3) Heterogeneity analysis shows that the effect of the LCCP in suppressing carbon emissions is more effective in eastern cities with better economic and industrial bases, and large cities with more population. Furthermore, the effect of LCCP shows an inverted U-shaped trend as carbon emissions increase. This study enriches the research on assessing policy effects of China’s low-carbon city construction, and provides some inspiration for the goal of carbon neutrality and other developing countries with high carbon emission.
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INTRODUCTION
The massive emission of greenhouse gases represented by carbon dioxide poses a serious threat to the sustainable development of global ecosystems and human society (Chu et al., 2021). After the “Paris Agreement” put forward a temperature control target of 1.5°C–2°C (Rickels et al., 2018), in order to more effectively deal with the problem of global climate change, the Glasgow Climate Convention passed in November 2021 further implements the restriction goal of global warming to 1.5°C.
As the world’s largest carbon dioxide emitting economy (Wang et al., 2021), China has demonstrated its responsibility as a responsible developing country. In order to reduce carbon emissions, the Chinese government has adjusted the economic development model from high-speed growth to high-quality growth, with a view to achieving carbon emission reduction in the process of economic development through the improvement of production efficiency. In addition, the Chinese government has also formulated climate policy goals for carbon peaking in 2030 and carbon neutrality by 2060 (Chen et al., 2022; Zhang et al., 2022). To ensure the smooth completion of these goals, the Chinese government has also implemented a series of policies such as carbon markets and low-carbon city policy (LCCP).
Unlike the carbon market policy that only targets the carbon emissions of industrial enterprises, the goal of LCCP is to reduce carbon emissions from all aspects of the social economy. The concept of China’s low-carbon cities is proposed on the basis of the “Low-carbon Economy” of the United Kingdom and the “Low-carbon Society” of Japan. The goal of low-carbon cities is to transform the production and life of cities through low-carbon concepts, low-carbon thinking, and low-carbon technologies, thereby minimizing carbon emissions and ultimately achieving sustainable development of cities (Yang and Li, 2013). Specifically, on the carbon emission side, LCCP promotes green production by enterprises and green consumption by residents to realize energy conservation and reduce carbon footprint (Yang and Li, 2013; Shen et al., 2018). On the carbon absorption side, low-carbon cities are actively carrying out tree planting and afforestation, increasing areas of green space, and enhancing the absorption of CO2 by vegetation. Therefore, LCCP is likely to become an important driving force for China to achieve carbon neutrality goals.
However, the existing literature does not have a unified conclusion on the carbon emission reduction effect of LCCP. Some literature finds that LCCP have a limited and short-term effect in reducing carbon emissions (Shin, 2018; Tang et al., 2018), Fang et al. (2017) even find that a lot of polluting projects were not stopped despite the construction of the low-carbon city. More literature has found evidence that LCCP can suppress carbon emissions through case analysis in a certain area. For example, Wang et al. (2015) analyzed specific cases of some low-carbon pilot cities and found the positive effect of LCCP on reducing carbon emissions. Yu et al. (2019) adopted the synthetic control method and drew a conclusion that the LCCP has reduced the average carbon emissions of Guangdong Province by 10%. Moreover, some studies pointed out that after the implementation of the LCCP, the annual carbon emissions of Hangzhou, Xiamen, and Shenzhen have been reduced by 20,000 tons, and the carbon emission intensity of Jingdezhen, Zunyi, and Wuhan were 24.47, 20.43, and 19.12% lower than the provincial average, respectively (Cheng et al., 2019). Another study similar to our work comes from Fu et al. (2021). They utilized DEA and PSM-DID methods to evaluate the carbon emission efficiency of the second batch of China’s low-carbon city pilots, and considered that economic growth and technological innovation are potential mechanisms. other studies, due to lack of carbon emissions data, found a positive effect of LCCP in suppressing air pollution (Gehrsitz, 2017), promoting green production efficiency (Yu, 2014), and improving ecological efficiency (Song et al., 2020). In general, there are still gaps in studies on the carbon reduction effect of LCCP: 1) the current research on the carbon emission reduction effect of LCCP does not have a unified conclusion, and the literature that believe LCCP can reduce carbon emissions is also obtained through case analysis of specific cities, which lacks rigorous empirical evidence at the national level; 2) The lack or inaccuracy of carbon emission data is an important factor hindering the smooth progress of such research; 3) The literature has not conducted in-depth research on the channels through which LCCP affects carbon emissions.
To cover these gaps, this study focused on the 280 cities in China, and used the difference-in-differences (DID) model and nighttime light data to evaluate the impact and mechanisms of LCCP on carbon emissions from 2003 to 2016. The results show that: 1) The implementation of LCCP can reduce carbon emissions by 16.2%; 2) Mechanism analysis shows that LCCP can achieve carbon reduction through the guidance of government behaviors, improvements of industrial structure and innovation capabilities, reductions of energy consumption, and the optimization of the ecological environment; 3) Heterogeneity analysis shows that the effect of the LCCP in suppressing carbon emissions is more effective in eastern cities with better economic and industrial bases, and large cities with more population. Furthermore, the effect of LCCP shows an inverted U-shaped trend as carbon emissions increase.
This paper contributes to the existing literature in the following ways. Firstly, this paper is among the first to conduct a rigorous empirical analysis of the carbon emission reduction effects of the national LCCP from the city level. Existing documents have analyzed the impact of LCCP on carbon emissions in specific provinces and cities (Cheng et al., 2019), or obtained the conclusion that LCCP can reduce carbon emissions through case analysis (Wang et al., 2015). The literature not only lacks national-level research, but the results obtained are also unconvincing.
Secondly, we use night light data to more accurately study the causal relationship between LCCP and carbon emissions. Due to the lack of city-level carbon emissions data, or the inaccurate measurement of carbon emissions, the literature can only conduct case studies on specific cities (Yu et al., 2019), or study the air pollution, building operations (Li K et al., 2022; Zhang et al., 2022), international trade (Li M et al., 2021; Liu et al., 2021), clean energy and energy efficiency (Sun et al., 2019; Zhang and Hanaoka, 2021), technological innovation and industrial development (Su et al., 2021; Tang et al., 2021), vegetation (Chen et al., 2021; Liao et al., 2021) and environmental efficiency of LCCP (Song et al., 2020). The Nighttime lighting data can not only provide a more accurate strategy for total city carbon emissions (Zhao et al., 2019; Li and Wang, 2022), but also let us more accurately assess the impact of LCCP on carbon emissions.
Thirdly, we further supplement the research field of potential mechanisms for LCCP to reduce carbon emissions. Previous studies focus on how to reduce carbon emissions in the industrial sector, such as industrial upgrading, energy intensity, and technological innovation (Song et al., 2020; Fu et al., 2021). On the basis of these studies, we have innovatively increased the investigation of the influence channels of government and residential departments, as well as the investigation of carbon absorption from the perspective of carbon sequestration by vegetation. Additionally, we provide evidence that LCCP has a better effect of suppressing carbon emissions in the more industrialized central and eastern regions and larger cities. Quantile regression implies that the effect of LCCP shows an inverted U-shaped trend with increasing carbon emissions. Taken together, our study provides some enlightenment how different cities use the effects of LCCP to promote low carbon development and achieve carbon neutrality goals.
The remainder of this paper is organized as follows. The LCCP in China section briefly describes the institutional background of LCCP in China. Theoretical Mechanism section outlines the potential theoretical mechanisms. Methodology and Variables section explains the methodology and variables. In Results section, five questions are discussed: Baseline Results section conducted a baseline regression to study the causal relationship between LCCP and carbon emissions. Parallel Trend Tests section Testes the parallel trend between low-carbon city pilots and non-low-carbon city pilots; Mechanism Analysis section analyzes the mechanisms of LCCP affecting carbon emissions; Robustness Tests section tests the robustness of LCCP in reducing carbon emissions; Heterogeneity Analysis section explores the heterogeneity of carbon reduction effect of LCCP in different cities. Conclusion section concludes and discusses.
THE LCCP IN CHINA
China’s low-carbon city pilot program started in 2010. During China’s “Two Sessions” in March 2010, the Chinese government identified the low-carbon development path as a major strategy for economic and social development and further included the low-carbon strategy in the “Twelfth Five-Year Plan.” In July 2010, the National Development and Reform Commission issued the “Notice on Carrying out Low-Carbon Provinces and Low-Carbon City Pilot Work.” The first batch of low-carbon city pilots began to be set up, including five provinces and eight prefecture-level and above cities, a total of 82 low-carbon cities. In 2012, in order to implement the goal of “Building a Beautiful China” in the report of the 18th National Congress of the Communist Party of China, the Chinese government continued to launch low-carbon pilot projects to further expand the scope of low-carbon pilots. Specifically, the second batch of pilot projects implemented in 2013 will include 33 cities like Beijing, Shanghai, Wuhan, and Suzhou.
In addition, it needs to be mentioned that the third batch of pilot projects have been implemented in 2017. Reference to previous literature, the third batch have not been included due to the data availability and method limitations (Song et al., 2020). As shown in Figure 1, China’s low-carbon city pilots have spread across 31 provinces across the country.
[image: Figure 1]FIGURE 1 | Geographical distribution of China’s low-carbon cities.
Although the specific LCCP in various cities may not be uniform, they are generally summarized in the following four aspects. First, local governments provide special funds and financial incentives, and develop a low-carbon transportation system. Second, adjust the industrial structure and encourage technological innovation, actively develop a circular economy to promote the low-carbon industries. Third, replace coal with clean energy, such as solar and wind energy, and improve energy efficiency. Fourth, establish a data statistics and management system for greenhouse gas emissions, strengthen carbon emissions statistics, and set up a complete data collection and accounting system.
THEORETICAL MECHANISM
In this section, we discuss in detail the theoretical mechanisms of the LCCP on city carbon emissions. We classify possible channels into the following categories: government behavior, industrial structure and innovation, energy consumption, and carbon absorption.
Government Behaviors
As a command-and-control environmental regulation tool, LCCP can impose mandatory interventions and constraints on projects and enterprises that affect the city carbon emissions to ensure the achievement of emission reduction targets in pilot cities (Yu, 2014). At present, China’s LCCP implements the main leadership responsibility system (Lo, 2014; Tang et al., 2018). Pilot cities formulate carbon emission targets and implementation plans, and delegate them to specific industries and key industries (Wang et al., 2015; Shin, 2018). In the process of policy implementation, the National Development and Reform Commission and the Provincial Development and Reform Commission established a contact mechanism to regularly supervise the implementation of plans by local governments in pilot cities. This top-down supervision mechanism may ensure the effectiveness of policy implementation (Liu and Ravenscroft, 2017).
In addition, the LCCP package includes some special funds and fiscal stimulus plans (Wang et al., 2015; Qu and Liu, 2017), which helps to combine market incentive tools to achieve emission reduction targets, and to maximize social and economic effects. Meanwhile, the implementation of market tools and funding plans can make up for the mechanical and compulsory nature of traditional environmental regulatory tools, which is more conducive to solving the problem of government environmental governance failures (van der Vlist et al., 2007; Wirth et al., 2013). Moreover, governments in low-carbon cities may also affect carbon emissions by changing the city transportation structure and network (Yang and Li, 2013). For example, they may change the public transportation network to ensure the smoothness and convenience of public transportation, thereby reducing dependence on private cars and reducing carbon emissions.
In view of the fact that the role of Chinese environmental regulation in reducing carbon emissions has been widely confirmed in previous studies (e.g., Feng and Li, 2019; Wang et al., 2019), the low-carbon policy through changing government behavior to achieve low-carbon goals will not be questioned.
Industrial Structure and Innovation
The LCCP is likely to improve the city industrial structure and innovation capabilities in many ways. First, from the perspective of macroscopic effects, living spaces of high-energy-consuming and high-polluting industries has been compressed under the guidance of LCCP, and the new energy, low-energy, and environmentally friendly emerging industries have been replaced (Song et al., 2020). With the dual impact of policy support and industrial migration effects, the resources of polluting industries may gradually flow to green industries forming a cluster of green industries (Cheng et al., 2019; Sun et al., 2021a). In view of the high-tech nature of the green industry, the LCCP can effectively promote industrial upgrading while promoting urban innovation capabilities.
Second, in the microscopic effects, the implementation of LCCP makes environmental friendliness an important factor that affects the internal decision-making of enterprises, which is likely to change the distribution of factors and production methods of enterprises (Hu et al., 2020). There is no doubt that the cost of environmental regulations may affect the production efficiency of enterprises in the early stage, but the government can effectively guide enterprises to reduce resource consumption and carbon emissions through subsidies to green enterprises (Qiu et al., 2021). Taking into account the comparative advantages and long-term economic benefits brought by low-carbon technologies, companies tend to actively change the original resource allocation model, such as actively increasing investment in green elements (Boyd and McClelland, 1999; Chakraborty and Chatterjee, 2017), increasing green innovation and investing in environmental protection industries. Through the impact on the micro-behavior of enterprises, LCCP may achieve the goals of technological innovation and industrial upgrading.
In addition, promoting technological innovation and industrial structure upgrading has become an important way for countries to reduce carbon emissions (e.g., Hu et al., 2020; Fu et al., 2021). Therefore, we consider that LCCP can reduce carbon emissions through technological innovation and industrial upgrading.
Energy Consumption
The third way we consider LCCP to reduce carbon emissions is increasing urban energy consumption. First, LCCP requires not only low energy consumption and low pollution for enterprises, but also low-carbon concept in government affairs and residents’ daily life (Yang and Li, 2013), such as using green energy for heating in winter, advocating green and low-carbon concepts, and developing low-carbon transportation systems. Second, several local governments are gradually establishing a complete carbon emission data accounting system and low-carbon assessment mechanism, and the economic development model based on low-carbon is taking shape (Sun et al., 2021b), which helps to further improve energy efficiency. Third, some low-carbon cities also advocate building energy conservation, and promote the use of renewable energy such as solar energy and geothermal energy in buildings on a large scale (van der Heijden, 2016; Li K et al., 2022). Residential energy supply should also use renewable resources as much as possible to achieve zero emissions from residential buildings (Chen et al., 2022).
Since fossil energy consumption is the main source of excessive carbon emissions in Chinese cities, the establishment of LCCP can reduce energy consumption at the source and achieve low-carbon development.
Ecological Optimization
The ultimate goal of low-carbon city construction is to achieve carbon neutrality, that is, relative “zero” carbon emissions (Opschoor, 2011). In addition to the energy saving and emission reduction mentioned in the previous mechanisms, improving ecology environment to increase carbon absorption is also an important aspect. It is the choice of many low-carbon cities in China to achieve carbon absorption by planting a large number of carbon sequestering plants and ecological parks. For example, Chengdu has planted nearly 4,500 hectares of trees after becoming a low-carbon city. More importantly, the carbon sequestration effect of planted forests is more significant (Liao et al., 2021). Taking the planted eucalyptus forests that can become lumber within 5–7 years as an example, the solid level is equivalent to 20 to 30 times that of natural coniferous forests.
In addition, the increase in vegetation brought about by low-carbon cities may adjust the urban climate, reduce the heat island effect (Wilmers, 1990; Zhang et al., 2010), and reduce energy consumption due to high-power electrical appliances, which can indirectly reduce carbon emissions. Taken together, increasing carbon absorption by increasing vegetation and green areas may be the fourth mechanism of LCCP worth considering. The mechanism of LCCP affecting carbon emissions is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The mechanisms of LCCP affecting carbon emissions.
METHODOLOGY AND VARIABLES
Empirical Strategy
Similar to the existing literature (e.g., Sun et al., 2021b), we employ the widely used DID method in policy evaluation to assess the impact of LCCP on carbon emissions. Considering that the pilot projects in low-carbon cities are conducted in batches, we adopt the time-varying DID approach to examine the causal relationship between the LCCP and carbon emissions in Chinese cities. The model settings are as follows:
[image: image]
where the subscript i accounts for a prefecture-level city, and t refers to the year. [image: image] indicates the CO2 emissions of city i in the year t [image: image] denotes whether city i has become a low-carbon city pilot in the year t [image: image] is the coefficient we focus on, and it means the net effect of the LCCP on CO2 emissions. [image: image] represents a series of control variables which cover city characteristics and weather variables. [image: image] and [image: image] represent the city fixed effect and year fixed effect, respectively, and [image: image] is a random error term.
Variables
CO2 Emissions
The explained variable in this paper is the city’s carbon emissions. As mentioned above, the data comes from two sets of nighttime light data provided by the National Geophysical Data Center, and Chen et al. (2020) used them to calculate the CO2 emissions of 2,735 counties in China from 1997 to 2017. Since DMPP/OLS and NPP/VIIRS images come from two types of satellites, there are differences in sensors, spatial resolution, and propagation function. Therefore, they adopt the particle swarm optimization-back propagation (PSO-BP) algorithm for inter-calibration.
Furthermore, they established the relationship between provincial CO2 emissions and nighttime light data to get the sum of DN values to represent county-level carbon emissions. Through some econometric tests, the CO2 emission data calibrated by satellite nighttime light data show good validity and higher reliability than previous calculations (Lv et al., 2020). Additionally, since the LCCP is a city-level environmental policy, we obtain city annual CO2 emissions by adding up the values of all counties in the same city.
Figure 3 shows the carbon emissions of each city in 2003, 2010, 2016, and the average carbon emissions during the sample period. Compared with 2003, the carbon emissions of each city in 2010 have increased significantly. In 2016, the carbon emissions of prefecture-level cities also increased compared with 2010, but the increasing trend of carbon emissions was significantly weakened. Additionally, the average carbon emissions of prefecture-level cities from 2003 to 2016 is similar, or even lower than 2010. Overall, northern and eastern cities emit more CO2.
[image: Figure 3]FIGURE 3 | Carbon emissions in Chinese cities based on the nighttime light data. (A) the carbon emissions in 2003; (B) the carbon emissions in 2010; (C) the carbon emissions in 2016; (D) the average carbon emissions from 2003 to 2016.
The LCCP
The explanatory variable is whether a city becomes a low-carbon city pilot. As noted in The LCCP in China section, the National Reform Commission of China issued the “Notice on Pilot Work for Carbon Provinces and Low-Carbon Cities” on July 19, 2010 and November 26, 2012. These two batches of low-carbon city pilots involved 115 Chinese cities at prefecture-level and above. If a city becomes a low-carbon city according to these two “Notices,” the value of the LCCP is set to 1, and 0 otherwise.
City Characteristic Variables
In order to eliminate the influence of other factors and get a more accurate results, we control a series of city characteristic variables. First, considering that the level of economic development is closely related to carbon emissions (Lozano and Gutiérrez, 2008), we use the total GDP of the city to measure economic development. Second, since the second industry is the main sector of China’s carbon consumption (Chen et al., 2018; Shen et al., 2018), we control the secondary industry development (SEC) and industrial agglomeration level (AGG) of the city. Meanwhile, technological progress (TEC) may improve traditional production processes and increase production efficiency, and ultimately reduce industrial carbon emissions. We use the number of regional patent applications to indicate the level of technological progress. Third, China is a government-oriented society, and government intervention (GOV) and fixed asset investment (FAI) are regarded as important factors affecting city carbon emissions (Kennedy and Corfee-Morlot, 2013; Ma et al., 2019). Fourth, Cities with higher population density could emit more CO2 by people’s daily activities and carbon footprint (Aichele and Felbermayr, 2012). Lastly, energy consumption (ENE) directly affects the level of CO2 emissions (Bloch et al., 2012), therefore, it is necessary to control city’s energy consumption. It should be mentioned that the patent data comes from the State Intellectual Property Office, and other city characteristic variables are all from the China City Statistical Yearbook.
Weather Variables
Weather conditions may also affect carbon emissions (Kaufmann et al., 2013; Wu et al., 2021). For example, the CO2 content in the air is lower in areas with heavy rainfall or strong winds. Therefore, we control for city’s weather variables including average temperature (TEM), relative humidity (HUM), total amount of precipitation (PRE), and sunshine hours (SUN). Our data on weather variables comes from 331 weather stations in China. These weather stations recorded the temperature of local cities on daily basis from 1984 onwards. We add up or average these daily data to get annual weather data of each city, and then match them with the other city-level data.
Summary Statistics
Table 1 presents the definition and descriptive statistics of our main variables, and all continuous variables are winsorized by replacing samples among the top 1% and the bottom 1%. In our samples, the average value of carbon emissions is close to the standard deviation, suggesting that city CO2 emissions are likely to be relatively balanced in different Chinese cities. The results of descriptive statistics also suggest that 803 samples became low-carbon cities among all the samples, which provides sufficient samples and heterogeneity for the analysis using the DID model in this paper.
TABLE 1 | Descriptive statistics.
[image: Table 1]RESULTS
Baseline Results
Based on the quasi-natural experiment of the LCCP, we use the time-varying DID method to examine the impact of the implementation of LCCP on CO2 emissions in Chinese cities. The baseline results are shown in Table 2. In column (1), we control the city and year fixed effects without any city characteristic variables and weather variables, and we find that the coefficient on LCCP is negative at the 1% significance level. In column (2), we add the city characteristic variables and the result remains unchanged. In column (3), we control weather variables and fixed effects, and the result show that there is no association between the LCCP and city CO2 emissions. Column (4) reports the result with controlling all control variables and fixed effects. It is clear that the implementation of LCCP has a significant inhibitory effect on CO2 emissions.
TABLE 2 | Baseline regression.
[image: Table 2]In general, our results are consistent with some previously related studies that confirmed the positive effects of the LCCP (Yu, 2014; Cheng et al., 2019; Qiu et al., 2021). By using the nighttime light data from Chen et al. (2020), we further proved the advantages of LCCP in reducing city carbon emissions.
Parallel Trend Tests
An important prerequisite for the effectiveness of DID is the parallel trend hypothesis, that is, before the LCCP takes place, the changing trends of the CO2 of the experimental group and control group should be parallel and should not be significantly different. This paper follows the approach of Jacobson et al. (1993) to further investigate the changing trends between experimental group and control group. Specifically, we use the following equation to do the parallel trend test:
[image: image]
Where [image: image] represents the dummy variable of the jth year before and after the implementation of LCCP. Specifically, if j equals to 0, it means the city is in the current year of being a low-carbon city pilot. A negative j refers to the city is in the jth year before the implementation of the LCCP. A positive j means that the city is in the jth year after the implementation of the LCCP.
Figure 4 represents parallel trend tests of the impact of the LCCP on carbon emissions. We find that before the implementation of LCCP, the coefficients between experimental group and control group have no different from 0 at the 5% significance level. This shows that there is no significant difference between the treatment group and the control group on CO2 emissions before the implementation of LCCP. However, after the implementation of LCCP, cities with the LCCP can significantly reduce CO2 emissions compared with cities who is not. In addition, we can see that after the implementation of the LCCP, coefficients turned from positive to negative, and showed a downward trend, indicating that in the medium and long term, low-carbon city construction may significantly reduce carbon emissions. Taken together, the results in Figure 4 suggests that the parallel trend tests are satisfied.
[image: Figure 4]FIGURE 4 | Parallel trend tests.
Mechanism Analysis
According to Theoretical Mechanism section, the LCCP may affect city’s CO2 emissions through channels such as government behaviors, industrial structure and innovation, energy consumption, and ecological optimization. We test the above mechanisms in turn through empirical analysis in this subsection.
Government Behaviors
As noted above, the LCCP can reduce CO2 emissions by improving government behaviors. One of the goals of LCCP is to encourage government departments to build a low-carbon society, therefore, strengthening government intervention and increasing fixed assets investments are feasible ways (Qiu et al., 2021). In the first two columns of Table 3, the estimation results from the DID models show that the coefficients on LCCP are both positive at the 5% significance level, indicating that governments of low-carbon city pilots may increase investment and intervention to guide the city’s low-carbon transformation by providing subsidies for low-carbon technologies and green industries.
TABLE 3 | LCCP and Government behaviors.
[image: Table 3]In addition, building a green transportation system is the choice of some low-carbon cities in China. Since public transportation provided by government sectors can replace private cars and reduce carbon emissions (Jiang et al., 2019), we use the number of public transport as a proxy indicator of city’s green transportation. Column (3) of Table 3 shows that the low-carbon cities were more likely to have an environmentally friendly public transportation mode. All in all, these results provide supportive evidence that low-carbon cities may reduce carbon emissions by changing government behaviors, including strengthening government intervention, increasing fixed assets investments, and building greener transportation systems.
Industrial Structure and Innovation
As highlighted in Theoretical Mechanism section, the LCCP helps promote the improvement of city’s industrial structure and innovation capabilities. We measure the industrial structure by using the ratio of the employed population in the secondary to the tertiary industries. In column (1) of Table 4, the DID estimate shows a negative association between the LCCP and industrial structure, which implies that compared with the secondary industry with more carbon emissions, the LCCP is more beneficial to the development of the tertiary industry, and further promote the transformation and upgrading of the secondary industry to the tertiary industry.
TABLE 4 | LCCP and industrial structure, technological innovation, and energy consumption.
[image: Table 4]Next, we use the number of green patent applications and city innovation index to measure innovation ability1. In column (2) and (3) of Table 4, the estimated coefficient on LCCP is positive at the 5% significant level, suggesting that the implementation of LCCP may contribute to improving the city’s innovation level and green patent applications, and finally reducing carbon emissions. Our estimates confirm that the LCCP plays a role in industrial structure and innovation capabilities. As discussed in Theoretical Mechanism section, the literature suggests that industrial upgrading and innovation can effectively improve production processes and increase efficiency, realizing low energy consumption and green production (Wang et al., 2020).
Energy Consumption
As discussed in Theoretical Mechanism section, the LCCP may bring about low energy consumption to reduce carbon emissions. Column (4) of Table 4 reports the estimation result of the impact of the LCCP on electricity consumption. We can see that the LCCP has inhibited the industrial energy consumption, which is significant at the 1% level. In addition, considering that another emission of industrial energy consumption is SO2, we use the total industrial SO2 emissions as a proxy of energy consumption2. In column (5), we find that the LCCP can suppress industrial SO2 emissions, which is consistent with the previous result. These findings indicate that the implementation of the LCCP may reduce industrial energy consumption and promote green and low-carbon production of enterprises.
Ecological Optimization
In Theoretical Mechanism section, we consider that the construction of low-carbon cities helps improve ecological environment and increase carbon absorption. We construct three ecological variables, namely vegetation carbon sequestration, garden green areas, and green coverage areas. Among them, the vegetation carbon sequestration is also from Chen et al. (2020), and calculated by satellite nighttime light data3. Garden green areas is measured by the area of garden green spaces in the urban areas, and green coverage areas is measured by coverage rate of green space in city’s built-up areas. The original data on these two variables also comes from China City Statistical Yearbook.
In column (1) of Table 5, we find that the LCCP can increase the carbon sequestration of vegetation with statistical significance at the 1% level, suggesting that low-carbon cities are likely to create a better ecological environment and increase carbon absorption through tree planting and afforestation. Columns (2) and (3) report the DID estimation results on garden green areas and green coverage areas, and we find that the coefficients of LCCP are both significant and positive, suggesting that the LCCP can effectively increase the urban green areas and improve the ecology. In summary, our findings provide suggestive evidence that ecological optimization is one of the important channels for LCCP to reduce carbon emissions and achieve carbon neutral.
TABLE 5 | LCCP and carbon absorption.
[image: Table 5]Robustness Tests
To get a more accurate estimation result, we conduct several robustness checks in this subsection. First, we employ placebo tests and results are presented in Table 6. We assume that the implementation time of the policy is 1–3 years earlier than the real time. We find that the inhibitory effect of LCCP on carbon emissions is insignificant in columns (1) to (3). This result shows that fictional effects are not valid and the decrease in carbon emissions is indeed caused by the LCCP, indicating that the baseline regression results are convincing.
TABLE 6 | Robustness analysis: placebo tests.
[image: Table 6]To alleviate the bias caused by the model setting and the differences in identification methods of policy implementation time, we do robustness tests through replacing estimation approaches and key variables. First, the first batch of LCCP was implemented in July 2010, and the second batch in November 2012. In the main specification, we regard 2010 and 2012 as the starting time of LCCP, respectively. However, some studies believe that it will take some time for the policy to be truly implemented, especially for the policies announce in the second half of the year (Lipp, 2007). Due to time delays, policies often work in the second year after promulgation. Therefore, we postpone the year of policy implementation by 1 year, and the results are shown in column (1) of Table 7. It is clear that the DID estimated result remains unchanged.
TABLE 7 | Robustness analysis: substitution key variables and models.
[image: Table 7]Second, there is a proportional relationship between CO2 and PM2.5 since they have the same homology and the synchronization of pollution (Li X et al., 2022). In order to overcome the bias in the use of satellites to collect CO2 data, we replace CO2 with PM2.5 and re-estimate. The data of PM2.5 comes from the annual World PM2.5 density map published by Columbia University (Zhao et al., 2021). The result in column (2) of Table 5 indicates that the LCCP still reduces the concentration of PM2.5.
Third, in order to alleviate the bias caused by the model settings, we adopt the PSM-DID method for robustness checks (Wang et al., 2019; Fu et al., 2021). The results in columns (3) and (4) show that no matter what methods are used for regression, the similar effect of the LCCP curbing carbon emissions remains unchallenged.
Furthermore, we try to eliminate some interfering factors. First, in 2013, China established seven carbon market pilots, which had a significant inhibitory effect on carbon emissions (Fan et al., 2016), and the carbon market will cause an overestimation of the LCCP’s inhibitory effect on carbon emissions. Due to the similarities of policy effects, we deleted pilot cities of carbon trading markets4, and the result are represented in column (1) of Table 8. Clearly, The LCCP can still significantly reduce city’s carbon emissions.
TABLE 8 | Robustness analysis: excluding interference policies and extreme samples.
[image: Table 8]Second, the LCCP is not only implemented in prefecture-level cities, but also implemented at the provincial level, like Guangdong, Hubei, and Hainan. Compared with municipal-level pilots, provincial-level pilots have a higher administrative level, stronger government control and stricter policy implementation methods, which will cause an overestimation of the effect of LCCP on carbon emissions suppression. Some previous studies directly delete the provincial-level pilots when evaluating the effectiveness of LCCP (Cheng et al., 2019; Qiu et al., 2021). In column (2) of Table 8, we delete the sample of provincial-level pilots, and find that the DID estimates are similar to the main estimates in Table 2.
Third, considering that the differences in the administrative level may affect the reliability of the results, we remove the sample data of Beijing, Shanghai, Tianjin, and Chongqing as well as all provincial capital cities. In column (3) of Table 8, we find that this change has little effect on the results.
Lastly, the implementation of more stringent environmental regulations such as the Ten Atmosphere Regulations has resulted in technological progress and industrial structure optimization and upgrading in areas with severe air pollution (Feng and Li, 2019; Cheng et al., 2020; Li X. et al., 2021), which may reduce carbon emissions and make the effect of LCCP on carbon emissions overestimated. After excluding the “2 + 26” areas5 with particularly serious pollution in the ten atmospheric articles in column (4) of Table 8, the inhibitory effect of LCCP on carbon emissions is still significant.
Heterogeneity Analysis
The influence of the LCCP on carbon emissions may be heterogeneous. First, due to the differences in economic development, degree of industrialization, and technological innovation among various regions in China, we divided into three sub-samples of the eastern, central, and western to analyze the heterogeneity according to the previous literature (Yao and Zhang, 2001; Fan et al., 2016)6. In the first three columns of Table 9, the DID estimation results show that the LCCP has the strongest inhibitory effect on carbon emissions in the eastern region with the highest degree of industrialization. According to Shen et al. (2018), since the industrial sector accounts for a high proportion of CO2 emissions, the effects of LCCP can reduce CO2 emissions by promoting regional industrial structure. In contrast, in the western region, industrial sectors are still needed for city’s economic development, and has not met the requirements of transformation and upgrading, so the LCCP has a weaker suppression effect.
TABLE 9 | Heterogeneity analysis.
[image: Table 9]Second, we divide cities into large-scale cities and small and medium-sized cities according to whether the permanent population of the city exceeds one million (Zhao et al., 2021). By comparing the results in columns (4) and (5) of Table 9, the LCCP in large cities has a stronger suppression effect on carbon emissions, while weaker in small and medium-sized cities. The possible reason is that the population quality of Chinese large cities is higher, and they are more able to practice the concept of low-carbon life, by reducing carbon footprint and carrying out environmental protection activities to help build low-carbon cities and reduce carbon emissions.
Third, considering that under different carbon emission levels, the effects of LCCP may be inconsistent, we perform the quantile regression for heterogeneity analysis. In Table 10, we can see that the coefficients on LCCP are significantly negative in all column, indicating that under different levels of carbon emissions, there was no obvious difference in the effect of the LCCP. Furthermore, with the increase in the quantile, the absolute value of the coefficients of LCCP increase first and then decrease, indicating that the LCCP has more significant impact in the middle part of the conditional distribution of city’s carbon emissions than on both ends.
TABLE 10 | Quantile regressions.
[image: Table 10]CONCLUSION
With China’s transformation and development, the LCCP has become the key measure for achieving carbon peaks in 2030 and carbon neutral targets in 2060. By using the latest comprehensive CO2 emission data calculated based on nighttime light data from Chen et al. (2020) and the panel data of Chinese cities from 2003 to 2016, we employ the time-varying DID approach to examine the impact and mechanism of the LCCP on carbon emissions. The findings are summarized as follows. 1) The LCCP could significantly curb carbon emissions. 2) The negative impact of the LCCP on carbon emission could be explained by the guidance of government behaviors, improvements of industrial structure and innovation capabilities, reductions of energy consumption, and the optimization of the ecological environment. 3) The effect of the LCCP in suppressing carbon emissions is more effective in eastern cities with better economic and industrial bases and large cities with more population. 4) LCCP can significantly reduce carbon emissions, regardless of the level of carbon emissions, and the effect of LCCP shows an inverted U-shaped trend as urban carbon emissions increase.
We put forward the following policy recommendations in response to the above findings. First, the central government could appropriately strengthen the LCCP. On the one hand, the central government could appropriately improve the LCCP evaluation mechanism and evaluation standards, so that cities can further play the role of LCCP in promoting carbon emission reduction in the process of obtaining or maintaining the honor of “Low-carbon Pilot City.” On the other hand, in order to achieve carbon emission reduction targets, local governments should also strengthen their intervention in carbon emission reduction. Such as planting trees, increasing the area of parks and green spaces, and advocating the residents’ departments to pay attention to the carbon footprint.
Second, government departments should issue relevant policies or supporting measures to assist LCCP in achieving carbon emission reductions more efficiently. As the industrial sector is an important source of carbon emissions, technological innovation and industrial structure upgrades by industrial enterprises could reduce carbon emissions to a large extent. Therefore, government departments should implement preferential tax policies or innovation subsidy policies for industrial enterprises engaged in R&D and innovation to ensure or promote the motivation of industrial enterprises to carry out technological innovation. On the other hand, the government should also issue relevant industrial policies to ensure the transformation and upgrading of the industrial structure from high-carbon to low-carbon.
Third, local governments should also implement LCCP based on local conditions. Since different cities in China have great differences in the level of economic development, development stage, and resource endowment, each local government should formulate relevant policy standards according to its own development. For example, economically developed regions could set stricter carbon emission reduction targets, while regions with relatively backward economies and developed heavy industries should moderately reduce carbon emissions under the premise of ensuring economic growth, so as to achieve economic and environmental coordination, green and sustainable development.
Similar to China, some developing countries also face the dilemma of high energy consumption, high carbon emissions, and environmental degradation, such as India, Russia, Iran, Mexico, and Indonesia. Although the LCCP originated in developed countries, China’s successful experience may provide a good template for these developing countries that are under pressure to reduce CO2 emissions. The evidence from Chinese cities we offer in this paper shows that the LCCP plays a significant role in reducing carbon emissions. Therefore, we believe that the LCCP provides good enlightenment for these developing countries to mitigate the problem high carbon emissions and achieve sustainable development.
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FOOTNOTES
1The original data of city innovation index comes from Kou and Liu (2017), and the data related to green patents are compiled in accordance with the “Green List of International Patent Classification” issued by the World Intellectual Property Office.
2The unit of total industrial SO2 emissions is ton.
3As before, the unit of vegetation carbon sequestration is million tons.
4Carbon trading pilots include Beijing, Shanghai, Shenzhen, Tianjin, and Chongqing, Hubei province and Guangdong province.
5These 28 cities are Beijing, Tianjin, Shijiazhuang, Tangshan, Langfang, Baoding, Cangzhou, Hengshui, Xingtai, Handan, Taiyuan, Yangquan, Changzhi, Jincheng, Jinan, Zibo, Jining, Dezhou, Liaocheng, Binzhou, Heze, Zhengzhou, Kaifeng, Anyang, Hebi, Xinxiang, Jiaozuo, and Puyang.
6The eastern region includes eight provinces, namely Hebei, Shandong, Liaoning, Jiangsu, Zhejiang, Fujian, Guangdong, and Hainan. There are eight provinces in the central region, and they are Heilongjiang, Jilin, Shanxi, Jiangxi, Anhui, Henan, Hubei, and Hunan. The remaining 11 provinces or autonomous regions belong to the western region, namely Xinjiang, Inner Mongolia, Ningxia, Gansu, Qinghai, Tibet, Yunnan, Guizhou, Sichuan, Guangxi, and Shaanxi.
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