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Improving carbon emission efficiency is an important means to achieve pollution reduction and sustainable economic development. Rather than focusing on the implementation of market-incentive environmental policies in developed countries, we study the effect of the implementation of market-incentive environmental policies on the efficiency of carbon emissions in developing countries, which is generally ignored by frontiers researches. Based on panel data of 282 cities at prefecture-level and above in China from 2007 to 2017, we first adopt the non-radial distance function (NDDF) and global DEA model to measure the carbon emission efficiency of China’s cities. Then we take the Chinese carbon emission trading pilot as a quasi-natural experiment and explore the impact of carbon emission trading policy on carbon emission efficiency based on DID method. And the mechanisms are analyzed through the mediation effect model. It is found that the carbon emission rights trading policy can significantly improve the carbon emission efficiency of the pilot cities, and it mainly plays a role through three channels: technological progress effect, green innovation effect and energy consumption structure optimization effect. The heterogeneity test results show that for resource-based cities and cities with a higher degree of marketization, the carbon emission trading policy has a more obvious effect on improving carbon emission efficiency.
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INTRODUCTION
China’s economy has achieved rapid growth in the past four decades based on the traditional factor-driven development mode, which is accompanied by serious environmental pollution and high carbon emissions. In 2013, China’s carbon emissions surpassed the European Union and the United States, making it the world’s largest energy consumer and carbon emitter country. As the international community pays more attention to global climate change, China is under increasing pressure to reduce carbon emissions. China has proposed goal of carbon peak in 2030 and carbon neutralization in 2060, which puts forward higher requirements for carbon emission efficiency. To control carbon emissions as soon as possible, the Chinese government at all levels have carried out a series of environmental regulation policies to promote the carbon emissions over the years, such as developing low-carbon pilot cities and increasing forest carbon sinks. Carbon emission trading is also one of the key policies. Along with the advancement of market-based reform, the National Development and Reform Commission issued the Notice on The Pilot Work of Carbon Emission Trading in 2011. Seven provinces and cities, including Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong and Shenzhen, were selected as pilot cities for carbon emission trading, and all of them started online trading in 2014. This means that China has embarked on a market-oriented environmental policy and make use of the market mechanism to promote the improvement of carbon emission efficiency and achieve green and low-carbon development. The main approach of carbon emission trading is that government agencies estimate the maximum carbon emissions that meet the environmental capacity in a certain region and divide them into several emission shares. The government sells the emission right to carbon emission enterprises in the primary market for compensation, and the carbon emission enterprises can buy and sell the carbon emission right purchased in the secondary market. This paper aims to answer the following questions: whether market-oriented carbon trading policies can effectively improve carbon emission efficiency and achieve low-carbon development, and what are the ways and conditions for improving carbon emission efficiency?
However, the existing literature mainly focuses on the energy conservation and emission reduction effects of command-and-control environmental policies (Blackman and Kildegaard, 2010; Qin et al., 2016; Cheng et al., 2017; Zheng and Shi, 2017; Li and Masui, 2019). There are also some literatures on the effect of market-incentive environmental policies. Different from the command-and-control environmental policy, market-incentive environmental policy is an environmental regulation means based on market transactions such as energy trading and carbon emission trading rather than administrative regulation. However, due to the first implementation of carbon emission trading policies in developed countries with relatively perfect market trading mechanism and rich practical experience, such as Europe and the United States, the research objects of relevant literatures are mainly targeted at these developed countries (Brännlund et al., 1998; Chapple et al., 2013; Clarkson et al., 2015; Brouwers et al., 2016; Pearse, 2016; Schafer, 2019). And the researches on China’s carbon emission trading are mainly based on the provincial level or enterprise level to investigate its emission reduction effect (Shen et al., 2020; Xuan et al., 2020; Li and Wang, 2021; Zhang et al., 2021) or economic effects, such as employment effect (Yang et al., 2020), economic growth effect (Li et al., 2019; Wu and Gong, 2021), the effect of technological innovation (Chen et al., 2020b; Song et al., 2021; Xiao et al., 2021), which lack of analysis on the impact of carbon emission trading on carbon emission efficiency from the level of prefecture-level cities in China. Based on this, the marginal contribution of this paper are as follows: Firstly, we calculated the carbon emission efficiency at the city level based on the balance panel data of 282 cities in China from 2007 to 2017. Secondly, based on the quasi-natural experiment of carbon emission trading pilot project, we investigate the specific impact of market-oriented environmental policy on carbon emission efficiency using DID method, and analyze its impact mechanism and conditions. It is helpful to put forward effective suggestions for China and other developing countries to build a carbon emission trading market on a national scale.
THEORETICAL HYPOTHESES
Direct Effect of Carbon Emissions Trading Policy on Carbon Emission Performance
At present, there are two views on the impact of environmental regulations on pollution reduction among existing literatures. The first view is that environmental regulation damages the economic interests of enterprises by generating pollution control costs and is not conducive to the improvement of carbon emission efficiency (Blackman and Kildegaard, 2010; Tu and Chen, 2015; Zheng and Shi, 2017). The second one is based on the “Porter Hypothesis”, which believes that environmental regulation can force enterprises to carry out innovative activities, improve their productivity to produce innovation compensation effect (Poter and Vanderlinde, 1995), eliminate backward production capacity, optimize resource allocation, and thus improve carbon emission efficiency. Du et al. (2021) verified that green technological innovation and industrial structure upgrading are two effective channels through which environmental regulation facilitate the economy’s green transformation. Enterprises with high pollution control costs and backward production are pushed out of the market because their innovation compensation effect is smaller than the cost effect of pollution control (Xiao et al., 2021), which helps to improve the overall production efficiency of the society, promote the progress effect of green technology (Dong and Wang, 2019), and achieve emission reduction targets. Song et al. (2020) showed that with the increase of environmental regulation, its role in the promotion of green product innovation has gradually emerged. There are also studies showing that command-and-control environmental policies support the first view, while market-oriented environmental policies mainly produce innovation compensation effect (Tang et al., 2020). As a market-oriented environmental policy, carbon emission trading policy allocates carbon emissions as a kind of property right to each enterprise based on Coase (1960), and solves the negative externalities of environmental pollution and improves the efficiency of environmental control by trading emission rights in the market. From the perspective of enterprises, when the trading price of carbon emission right in the market is higher than the marginal cost of enterprise pollution control, enterprises would take the initiative to improve the efficiency of carbon emission based on the goal of profit maximization. At the same time, enterprises can effectively use the carbon emission quota to prevent additional carbon emission cost and sell the excess carbon emission quota by increasing the emission reduction to obtain additional income (Shakil et al., 2019). Based on this, this paper proposes the first theoretical hypothesis:
Hypothesis 1 Carbon emission trading policy can effectively improve the carbon emission efficiency of pilot cities.
Mediation Effect of Carbon Emissions Trading Policy on Carbon Emission Performance
We expect that carbon emission trading policies may affect carbon emission efficiency through three intermediary channels. Firstly, carbon emission trading can affect carbon emission efficiency by changing the technological level and the direction of technological progress in cities. Since carbon emission trading policy limits the carbon emissions of enterprises, it increases the pressure on enterprises to reduce pollution. Faced with the pressure of emission reduction constrained by carbon emission quotas, enterprises mainly achieve emission reduction targets in two ways: one is to reduce output (Caparrós et al., 2013), and the other is to adopt new technologies and carry out green technological innovation to achieve cleaner production. However, the first approach is the most negative response adopted by enterprises to achieve emission reduction targets, which will not only damage their own interests, but also fail to reflect the practical significance of energy conservation and emission reduction. Instead, technological progress, especially green technological innovation, can effectively improve productivity and energy efficiency and reduce carbon emissions, which is an effective way to achieve energy conservation and emission reduction in the long run (Xuan et al., 2020; Cheng and Yao, 2021). On the one hand, enterprises can realize the surplus of carbon quota through their own technological innovation and technological transformation. Enterprises can obtain economic benefits by selling the quota, and thus guide and encourage enterprises to further carry out more emission reduction and technological improvement projects. On the other hand, the product quality brought by the enterprise’s technological innovation will also increase the profit of the enterprise (Zhang et al., 2021) and offset the cost caused by reducing carbon emission. Therefore, under the implementation of carbon emission trading policy, enterprises will increase investment in technology research for long-term development, especially in the development of green and clean technologies to improve carbon emission efficiency, so as to improve the overall technical level of the city.
Secondly, carbon emission trading policy can force enterprises to optimize the energy consumption structure, thus improving the carbon emission efficiency. Energy is an important production input factor. Traditional fossil energy such as coal and oil are the main sources of sulfur dioxide and carbon dioxide emissions. On the one hand, carbon trading internalizes the cost of carbon emissions into a hidden energy price through the carbon price. Even if the energy price in the energy market remains unchanged, the change of carbon price will make the actual energy price faced by enterprises fluctuate. Therefore, in the case of carbon trading, the energy consumption mix decisions made by enterprises based on the principle of profit maximization or cost minimization is different from that without carbon trading. In this new energy consumption mix, enterprises will be more inclined to use clean and low-carbon energy, thus promoting the transformation of the energy consumption structure of the whole industry and the region to green and low-carbon direction, and promoting the transformation and upgrading of the energy consumption structure. On the other hand, with a fixed carbon emission quota, enterprises will gradually get rid of the dependence on traditional non-clean energy (Xuan et al., 2020). Increasing the investment proportion of renewable energy and other clean energy in the production process can reduce carbon emissions by reducing carbon consumption. At the same time, enterprises with slower energy consumption structure transformation will be eliminated, so as to optimize the regional energy structure and improve the carbon emission efficiency. Based on this, this paper proposes the second theoretical hypothesis:
Hypothesis 2 Carbon emission trading policy mainly improves carbon efficiency by improving technological progress, promoting green innovation and optimizing energy consumption structure.
Heterogeneity Effect of Carbon Emissions Trading Policy on Carbon Emission Performance
There is resource endowment heterogeneity in the improvement effect of carbon emission trading policy on carbon emission efficiency. On the one hand, existing studies have shown that there exists a “resource curse” phenomenon between natural resource endowment and sustainable urban development (Zhou and Fang, 2019). The development of a country or city with abundant natural resources tend to over-dependent on resource-intensive industries with low technology add-ons for a long time. With the aggravation of urban environmental pollution, it is also difficult for cities to get rid of the production mode based on traditional non-clean energy, which inhibits the improvement of technological progress and energy efficiency, and makes cities fall into the dilemma of “resource curse”. However, on the other hand, cities with higher resource endowments have more advantages in industrialization. Therefore, under the constraints of environmental regulation policies, resource-based cities can make use of their own industrial development advantages to achieve technological progress and generate higher energy utilization efficiency (Shi and Li, 2020). The carbon trading policy imposes carbon emission constraints on the pilot enterprises. Under the constraints of limited carbon emission quota, the pressure of carbon emission reduction in resource-based cities increases. In order to seek a long-term mechanism for sustainable development, the incumbent enterprises need to carry out independent innovation and transform to cleaner production mode. New entrants also need to have a high level of cleaner production technology and higher carbon emission efficiency to cope with the fierce market competition. Non-resource-based cities have a high cost of using resources and mainly rely on capital-intensive or technology-intensive industries. Even in the face of limited carbon emission quota, they can use the existing production technology and production mode to achieve the emission reduction target, and the improvement of carbon emission efficiency is not obvious. Therefore, this paper speculated that carbon emission trading policy mainly affects the carbon emission efficiency of resource-based cities.
On the other hand, the effective implementation of carbon emission trading policy largely depends on the pilot cities with a high level of marketization (Wang et al., 2021). In the cities with a low level of marketization, the carbon emission trading policy will be greatly restricted and unable to internalize the emission cost (Hou et al., 2019). Besides, the governments of these cities play a more dominant role in resource allocation, which may lead to rent-seeking, corruption and other phenomena. It may also cause some enterprises to purchase and store carbon emission permits far beyond their own quotas to seek monopoly benefits (Shi and Li, 2020), which leads to vicious competition in the market and is not conducive to the effective allocation of resources. While in perfect competition market, enterprises with higher carbon emission efficiency can make additional revenues. Market forces can effectively stimulate enterprises to raise the carbon efficiency, achieve energy conservation and emissions reduction (Zhou and Zhao, 2021). Therefore, we speculate that the actual effect of carbon emission trading policy is subject to the level of urban marketization. Based on the above analysis, the third hypothesis is proposed:
Hypothesis 3 There is urban heterogeneity in the effect of carbon emission trading policy on the improvement of carbon emission efficiency.
Hypothesis 3-a : Carbon emission trading policy has a more obvious effect on the cities with higher resource endowment.
Hypothesis 3-b : Carbon emission trading policy has a more obvious effect on the cities with higher marketization degree.
Figure 1 shows the practical and theoretical framework of this study.
[image: Figure 1]FIGURE 1 | The practical and theoretical framework.
METHODOLOGY AND DATA
Econometric Model
The Difference in Difference (DID) method is a commonly used method for evaluating policy effects. By comparing the impact of policies on the treatment group and the control group, the causal relationship between variables that reflect the actual effects of the policy is identified. We take Chinese carbon emission trading pilot policy as a quasi-natural experiment, taking Beijing, Shanghai, Tianjin, Chongqing, Hubei, Guangdong (including Shenzhen) and their prefecture-level cities as the processing group, other cities as the control group, and 2014 as the year of policy implementation, employing the DID to estimate the effect of the carbon emission trading system on the city’s carbon emission efficiency. Based on the research of Shi and Li (2020), Wang and Lu (2019), the following model was designed:
[image: image]
Where t, i, and j represent the year, prefecture-level city and province, respectively; [image: image] is the dependent variable, which denotes carbon emission efficiency; [image: image] is the city dummy. [image: image] when i belongs to the treatment group. And [image: image] otherwise. [image: image] is time dummy variable. When [image: image], [image: image], and [image: image] otherwise. [image: image] is the control variables that affects the carbon emission efficiency of a city. [image: image] is the time fixed effect and [image: image] is the city fixed effect that does not change with time. [image: image] is the individual time effect of the province, which mainly controls the influence of unobservable factors changing over time of each city on the estimation results. [image: image] is the random interference term. This model fixes the city effect, time effect and province effect, and estimates the specific impact of the carbon emission trading policy on the carbon emission efficiency of the prefecture-level cities by observing the coefficient [image: image].
We use the mediation effect model (Baron and Kenny, 1986) to examine the mediation impact of the carbon emission trading policy on carbon emission efficiency, which is based on the following models:
[image: image]
[image: image]
Where [image: image] represents the mediating variables, including the total factor productivity, green innovation and energy consumption structure of the prefecture-level cities. The significance of the [image: image] in Eq. 1 is used to test whether the carbon emissions trading policy has a significant impact on the carbon emission efficiency. Eq. 2 is used to test the effect of the carbon emission trading scheme on the mediating variables. And then mediating variables and carbon emission trading both incorporated into Eq. 3. Combining these three equations, we can determine whether the intermediary effect exists. If [image: image] is still significant, and [image: image] is not significant or significant but lower than [image: image], the intermediary mechanisms of carbon emission trading system on carbon emission efficiency is improved.
Variables
Dependent Variable
The dependent variable in this article is the carbon emission efficiency (cp) of each prefecture-level city. Some researches use total carbon emission and the ratio of carbon emission to GDP to measure carbon emission efficiency (Zhou et al., 2019; Huang and Chen, 2020). But these indicators only consider the relationship between the input of one kind of production factor and economic output, ignoring the input of capital and labor, which may lead to the one-sided estimates of carbon emission efficiency. Therefore, we mainly refer to the method of Lin and Zhou (2021) to calculate carbon emission efficiency. To be specific, we take capital (K), labor (L) and energy (E) as input variables, actual GDP (Y) as expected output, CO2 emissions (C) as undesired output, and then apply the non-radial distance function (NDDF) and the global DEA model to calculate the carbon emission efficiency by using the overall sample construction technology Frontier.
Capital is calculated by the perpetual inventory method (Liu et al., 2017), and the labor is represented by the number of employees at the end of the year. Due to the lack of energy consumption data of prefecture-level cities, we used the method of Stein and Li Shaolin (2020) to decompose the total energy consumption of each province by using urban night light data to obtain the energy consumption of each prefecture-level city. Using the methods of existing researches (Han and Xie, 2017; Cheng et al., 2019), we calculate CO2 emission by extracting the consumption of natural gas, liquefied petroleum gas and coal power generation in each city. The main calculation formula for CO2 emission is as Eq. 4:
[image: image]
Among them, E represents the consumption of various types of energy. σ represents the average proportion of coal power generation to the total power generation. And [image: image], [image: image], and [image: image] represent the CO2 emission coefficients of natural gas, liquefied petroleum gas and coal power, respectively, (2.1622 kg/m3, 3.1013 kg/kg, 1.3023 kg/kWh) (Han and Xie, 2017).
According to Zhou et al. (2012), Lin and Zhou (2021), the non-radial distance function (NDDF) is defined as follows:
[image: image]
Where [image: image] represents the weight vector of the input and output. ξ represents the direction vector, and χ represents the scale factor vector of the deviation between the actual production activity and the optimal production state. F represents the production framework of input and output. According to Lin and Zhou (2021), it is assumed that input, expected output, and undesired output are equally important, and the weights are all set to 1/3. Therefore, the weights of labor, capital, and energy input are all 1/9, and CO2 emission efficiency (cp) is expressed as follow.
[image: image]
Where [image: image] is the solution to Eq. 5. And the value of cp is between 0 and 1, the larger the value, the higher the carbon emission efficiency. We preliminarily calculate the average level of carbon emission efficiency of Chinese cities. As shown in Figure 2 in Data, the average level of carbon emission efficiency of Chinese cities fluctuated from 2007 to 2017, but with small range.
[image: Figure 2]FIGURE 2 | Average level of carbon emission efficiency of Chinese cities from 2007 to 2017.
Control Variables
We also include control variables that have been used in prior studies (e.g., Du et al., 2021; Xie et al., 2021).
The level of economic development (pgdp). On the one hand, economic development increases carbon emissions. The extensive economic development mode will intensify the dependence on traditional non-clean energy, which is not conducive to the improvement of carbon emission efficiency (Al-Mulali et al., 2015). On the other hand, economic development promotes environment-friendly technological progress (Rajpurohit and Sharma, 2021), thus improving carbon emission efficiency (Webber and Allen, 2010). Therefore, the relationship between economic growth and carbon emissions largely determines the realization of China’s transition to a green and low-carbon development mode. We use GDP per capita of the prefecture-level city to measure the level of economic development.
Infrastructure level (infra). Infrastructure construction is accompanied by a large amount of energy consumption, but the improvement of infrastructure may also improve carbon emission efficiency through the flow of factors between regions. We use the road area per capita to characterize the infrastructure level (Cheng et al., 2019).
Population density (density). Population growth may generate a demographic dividend while bringing about energy consumption and carbon emissions. In addition, the increase in population density can generate a density economy through agglomeration effects, reducing clean energy production costs, and improving carbon emission efficiency (Chen et al., 2020a). We employ the population per unit of land in each administrative region to measure population density.
Industrial structure (indus). Different industrial structures have different effects on carbon efficiency. It is generally believed that the secondary industry consumes more energy and emits more pollution (Xu and Lin, 2015), and accompanied by a large amount of carbon emissions (Sarwar and Alsaggaf, 2021). The share of value-added of secondary industry in GDP is used to measure the industrial structure of each city.
Foreign direct investment (fdi). On the one hand, foreign direct investment can bring advanced production technology and institutional environment, and promote local carbon emission efficiency. On the other hand, based on the hypothesis of “pollution havens”, foreign direct investment may cause local cities to undertake a large number of polluting enterprises, which is not conducive to the improvement of local carbon emission efficiency (Cole et al., 2010). In this paper, the proportion of foreign direct investment in GDP is used as an indicator of foreign direct investment.
Government intervention (gov). Excessive government intervention may reduce the dominant position of the market, which is not conducive to the effective allocation of resources and the reduction of carbon emission efficiency (Shao and Yang, 2014). We use the ratio of fiscal expenditure to GDP to measure the degree of government intervention.
Mediating Variables
Technological progress (tfp). The city’s total factor productivity is used as the indicator of technological progress. We use capital, labor, and energy as input variables, real GDP as the output variable, employing the DEA-Malmquist index to calculate the total factor productivity growth of each city.
Green innovation (gpat). According to Xu et al. (2021), due to the lag in patent grant, it is impossible to effectively measure the current level of green innovation efforts and green innovation levels in various regions. Therefore, this paper uses green patent application data of each prefecture-level city to characterize the green innovation.
Energy consumption structure (cestru). Replacing traditional fossil energy with renewable clean energy is the main way to optimize energy consumption structure. However, there is no clean energy consumption data reported at the city level. Therefore, using the method of Xu et al. (2021) as reference, the proportion of electricity consumption in total energy consumption is used to measure energy consumption structure. Since the carbon emission produced by coal power is the highest among all power generation fuels, this paper uses the proportion of coal power consumption to measure the energy consumption structure.
The detailed description and measurements of all the variables used in this study are provided in Table 1.
TABLE 1 | Variable definitions.
[image: Table 1]Data
After data preprocessing and limited to data availability, we finally obtained the research samples of 282 prefecture-level cities in China from 2007 to 2017, excluding Tibet, Hong Kong, Macao and Taiwan. The data of the dependent variables and the control variables are from the “China City Statistical Yearbook”, “China Statistical Yearbook”, “China Energy Statistical Yearbook”, and “China Electric Power Statistical Yearbook”. The green patent application data comes from the CNRDS database, and the city night light data comes from Harvard Dataverse. The missing data is supplemented by interpolation. All control variables are logarithmically processed to eliminate heteroscedasticity, and the variables with larger standard deviations are winsorized. The descriptive statistics of the original data are shown in Table 2. It can be seen that the carbon emission efficiency of the experimental group is 10.3% higher than that of the treatment group on average, which preliminarily shows that the carbon emission trading pilot has a positive impact on carbon emission efficiency.
TABLE 2 | Descriptive statistics of variables.
[image: Table 2]RESULTS AND DISCUSSION
Baseline Estimation Results
In this section, we use the DID method to estimate Eq. 1, and the results are shown in Table 3. Column (1) is the estimated result of the relationship between the carbon emission trading pilot policy and carbon emission efficiency, and column (2) shows the average treatment effect of China’s carbon emission trading pilot on carbon emission efficiency after the introduction of control variables based on the benchmark regression analysis. We introduce the time trend after the policy implementation year in column (3), showing the dynamic effect of carbon emission trading policy. Column (4), on the basis of column (3), further introduces the time trend for the first three years before policy implementation to test whether the carbon emissions trading policy meets the parallel trend assumption of the DID model. current represents the intersection of treat and the dummy variable in 2014, which is defined as the base year. pre_3 is the intersection of treat and the dummy variable in the third year before the implementation of the policy, that is, the year of 2011. And post_1 is the intersection of treat and the dummy variable in the first year after the implementation of the policy, that is, the year of 2015, and so on. All regressions control the city effect, time effect, and province effect.
TABLE 3 | The baseline results.
[image: Table 3]It can be seen from Table 3 that after adding the control variables, the estimated coefficient of [image: image] is still positive at the significance level of 1%, which indicates that China’s carbon emission trading pilot has a promoting effect on carbon emission efficiency of the prefecture-level city and can effectively promote the achievement of green economy transformation. By observing the dynamic effects of the policy, during the implementation period, the carbon emission efficiency was only increased by 0.0728. As time went on, the carbon emission efficiency increased by 0.1579 and 0.1464 at 1% significance level in the second and third years after the policy was implemented, which indicate that the effect of carbon emissions trading policies has been increasing year by year. According to column (4) and the dynamic effect diagram of parallel trend test in Figure 3, it can be seen that before the implementation of the policy, the time trend coefficients are not significant, and the coefficient value is around 0. After the implementation of the policy, the coefficient rises rapidly, and has conversed from the negative coefficient before the pilot to the positive coefficient, which satisfies the assumption of parallel trends and indicates that there is no significant difference between pilot cities and non-pilot cities before 2014. Therefore, the promotion effect of the carbon emission trading system on the carbon emission efficiency is proved. That is, Hypothesis 1 is confirmed. In addition, by observing the coefficients of the control variables, it is found that economic development and population density increase significantly promote carbon emission performance. The increase in the proportion of the secondary industry in the economy and excessive government intervention are not conducive to the improvement of carbon emission efficiency.
[image: Figure 3]FIGURE 3 | Result of dynamic effect of parallel trend test.
Robustness Check Results
Placebo Test
In the process of estimating the impact of carbon emission trading policy on carbon emission efficiency, other unknown factors may affect the selection of pilot cities. To ensure the robustness of the conclusions obtained in this paper, placebo tests are required. Specifically referring to the method of Stein and Li Shaolin (2020), we sampled 1,000 times in 282 cities, randomly selected 37 virtual experimental groups, and took other cities as the control group for re-regression. The kernel density distribution of the dependent variable is shown in Figure 4. It can be seen that the absolute value of t-values of most sampling estimation coefficients is less than 2, and the p-values are mostly above 0.1, indicating that the carbon emission trading system has no significant effect in 1,000 random samplings, which shows that the promotion effect is caused by the exogenous impact of the carbon emission trading policy, and has little to do with other factors.
[image: Figure 4]FIGURE 4 | Result of Kernel density estimate.
Dynamic Time Window Inspection
Learning from the practice of Shi and Li,. (2020), we change the regression time interval to identify the difference in carbon emission efficiency in different time periods. Specifically, we take 2014 as the middle point, and selecting 1, 2 and 3 years before and after the year of 2014 to perform the regression respectively, and the results are shown in column (1)-column (3) of Table 4. The results show that the coefficients of carbon trading policies are all significantly positive, indicating that changing the policy implementation time window does not change the direction of the carbon emission trading policy’s impact on carbon emission efficiency. The previous conclusions are still supported and our conclusions are robust.
TABLE 4 | The results of robustness test.
[image: Table 4]Counterfactual Test
We artificially set the time point of the pilot carbon emission trading in order to prove that if there is no carbon emission trading policy, the carbon emission efficiency of the experimental group and the control group will not change significantly over time (Hung et al., 2013; Shi and Li, 2020). We set 2012 and 2013 as the year for the implementation of carbon emission trading policy to regress, respectively, and the results are shown in column (4) and column (5) of Table 4. It is shown that the coefficients of the two key interaction terms are not significant, indicating that before 2014, the carbon emission rights trading policy has no significant impact on the carbon emission efficiency of the treatment group and the control group, which indicate that the improvement of urban carbon emission efficiency is indeed brought about by carbon emissions trading policy.
PSM-DID Method
The DID method cannot ensure that the experimental group and the control group have similar individual characteristics before policy implementation. In order to overcome the systematic differences in the changing trends between the pilot cities and other cities, we further use the PSM-DID method to conduct a robustness test. Specifically, the propensity score matching method (PSM) is used to match the cities of the treatment group and the control group with the control variable as the identification feature of the samples. We perform DID regression on the matched samples, and the result is shown in column (6) of Table 4. It can be seen that the coefficient of the carbon emission trading policy is still significantly positive, and the estimated result is not significantly different from the previous article, which further supports our conclusions, indicating that the carbon emission trading policy can effectively improve carbon emission efficiency.
The Impact Mechanism of Carbon Emissions Trading Policy on Carbon Emission Performance
According to the above analysis, China’s carbon emission trading pilot can help improve the efficiency of carbon emissions in prefecture-level cities. But how can this effect be achieved? According to the theoretical analysis part, we discuss the impact mechanism of China’s carbon emission trading system on carbon emission efficiency from three aspects: technological progress, green innovation and energy consumption structure. The results are shown in Table 5. It can be seen from column (1) that the total effect of the carbon emission trading system on the city’s carbon emission efficiency is 0.0452 at 1% significance level. Columns (2), (4), and (6), respectively, give the estimation results of the carbon emission trading system on the city’s total factor productivity, green patent applications, and energy consumption structure. Columns (3), (5), and (7), respectively, show the result of the mediation by incorporating the three intermediary variables and the carbon emission trading system into the regression model. From columns (2), (4), and (6), we can see that the carbon emission trading policy has positive impacts on both the city’s total factor productivity and the number of green patent applications at a significance level of 1%, and has a negative impact on energy consumption structure at the significance level of 1%, indicating that the implementation of carbon emission trading pilots can effectively promote technological progress, achieve green innovation, reduce dependence on non-clean energy, and optimize urban energy consumption structure of prefecture-level cities. In column (3), the regression coefficient of total factor productivity on urban carbon emission efficiency is significantly positive, and the coefficient of carbon trading policy is 0.0271, which is less than 0.0452, indicating that carbon emission trading policies can achieve carbon emission efficiency by improving city’s technological progress. The result of column (5) shows that the coefficient of green patent applications is significantly positive, and the coefficient of carbon trading pilot is positive but not significant, which indicate that the green innovation effect is a completely intermediary variable. It confirms the existence of the “Porter effect” of market-oriented environmental regulations, that is, the market-oriented environmental regulations can improve the efficiency of urban carbon emissions by promoting green innovation. The results of column (7) show that the energy consumption structure has a significant negative impact on carbon emission efficiency. The coefficient of carbon trading policy is still significantly positive but its value is less than 0.0452, indicating that carbon emissions trading policies can produce energy structure optimization effects, and then achieve the improvement impact on the carbon emission efficiency. In summary, Hypothesis 2 is verified.
TABLE 5 | The results of the mediating effect.
[image: Table 5]HETEROGENEITY ANALYSIS
Heterogeneity of Resource Endowment
For all cities, carbon emission rights trading policy can effectively promote the improvement of carbon emission efficiency. However, due to the large differences in the resource endowments of various cities, the economic growth patterns of Chinese cities are different, and the uneven development characteristics are prominent. Based on the overall city sample, the analysis may conceal regional differences to a certain extent. Therefore, in accordance with the notice of the State on Issuing the National Sustainable Development Plan for Resource-Based Cities (2013–2020), we divide the 282 cities into resource-based and non-resource-based cities, and examine the heterogeneous impact of carbon emission trading policy on the carbon emission efficiency by grouping the samples. The results are shown in columns (1) and (2) of Table 6. It can be seen that for resource-based cities, the coefficient of carbon emission trading policy is significantly positive at the 1% level. While for non-resource-based cities, the coefficient of carbon emissions trading policy is positive but not significant, which indicate that the improvement effect of carbon emission trading policy on the carbon emission efficiency mainly reflected in resource-based cities. The possible reason is that resource-based cities mainly focus on resource exploitation and extensive processing, and highly depends on resources. These cities mainly take traditional non-clean energy as the main input factors and is relatively poor in transformation and optimization of energy consumption structure, thus resulting in serious environmental problems. The carbon emission trading policy gives each pilot city a fixed share of carbon emission and puts forward higher requirements on the carbon emission efficiency of resource-based cities, forcing them to carry out technological innovation, invest in cleaner production technologies, and improve the efficiency of carbon emissions in the production process to reduce carbon emissions. The cost of using energy in non-resource-based cities is relatively high. Therefore, companies have enough motivation to invest in energy-saving production technologies based on the goal of profit maximization, and their pressure on environmental protection is relatively small. Therefore, the carbon emission trading policy has a more obvious effect on improving the carbon emission efficiency of resource-based cities.
TABLE 6 | The results of heterogeneity test.
[image: Table 6]Heterogeneity of Marketization Level
The carbon emission trading policy relies on the operation of the market mechanism. By selling carbon emission rights from companies with lower carbon emissions to companies with higher carbon emissions, lower-carbon companies can obtain corresponding benefits, thereby encouraging companies to take the initiative to increase carbon emission efficiency, which in turn promotes the improvement of the carbon emission efficiency of the entire economy. If the market mechanism is not perfect, a small number of companies may purchase and store carbon emission rights that far exceed their own carbon emission quotas to obtain monopoly benefits (Shi and Li, 2020). Therefore, the effect of carbon emission rights trading policies on carbon emission efficiency will be subject to the marketization level of each city. Drawing on the practice of Shi and Li (2020), we measure the marketization level of prefecture-level cities under the jurisdiction of the total marketization index of each province in China. And refering to Zhou et al. (2019), we use the average of the marketization level before the implementation of the policy during the sample period to divide each city into two groups, high and low, and regress them respectively. The results are shown in columns (3) and (4) of Table 6. The carbon emission trading policy has a greater effect on improving the carbon emission efficiency of cities with a higher level of marketization, and the level of significance is higher, indicating that the process of city marketization can effectively promote the carbon emission trading policy to achieve the goal of green and low-carbon development.
CONCLUSION AND POLICY IMPLICATIONS
With the increasingly serious global environmental problems, higher requirements for carbon emission efficiency are put forward. As a major carbon emitter, China, driven by the dual carbon emission control target, urgently needs to improve carbon emission efficiency and transition to low-carbon green development. And cities should be the main players in this carbon neutral campaign. However, there are few studies on the relationship between China’s carbon emission trading policy and carbon emission efficiency at the city level. Based on this, this paper uses panel data of 282 prefecture-level cities in China from 2007 to 2017 to measure urban carbon emission efficiency with the global DEA model. Taking China’s carbon emission trading pilot as the quasi-natural experiment, we then study the impact of China’s carbon emission trading policy on urban carbon emission efficiency based on DID model, and the main conclusions are as follows: 1) A series of robustness test studies show that China’s carbon emission trading policy significantly improved the efficiency of urban carbon emissions, and the policy effect gradually increased over time; 2) The mediation effect model test results show that the carbon emission trading market can significantly improve the efficiency of urban carbon emissions by promoting technological progress, promoting green innovation and optimizing energy consumption structure; 3) Heterogeneity test results show that the improvement effect of China’s carbon emission trading policy on carbon emission efficiency is mainly reflected in resource-based cities. And promoting the market-oriented process will help strengthen the policy effect of the carbon emission trading pilot program, which provide strong support for China to achieve green and low-carbon development through market-oriented environmental policies.
Based on the Above Research Conclusion, the Following Policy Recommendations Are Put Forward. Firstly, in the new stage of dealing with environmental pollution, we should attach great importance to the role of market-oriented environmental policies in improving urban carbon emission efficiency. Specifically, we should accelerate the construction of a national carbon trading market, improve the carbon trading mechanism, provide incentives for enterprises to improve carbon emission efficiency, so as to promote the improvement of carbon emission efficiency of the whole society.
Secondly, the government should encourage enterprises to carry out technological innovation and establish a sound intellectual property protection system to encourage enterprises to increase their investment in green technology research and development. This is conducive to promoting the transformation of regional technological innovation to the green direction, promoting the development of new energy, helping enterprises to get rid of the dependence on traditional non-clean energy and optimizing the energy consumption structure of cities. At the same time, we should give full play to the technological progress effect, green innovation effect and energy consumption structure optimization effect of carbon emission trading policy to achieve the goal of improving carbon efficiency of cities.
Thirdly, we need to take full account of the resource endowment of cities and set up carbon trading schemes tailored to local conditions. We should also make full use of the innovation incentive effect of carbon trading policy on resource-based cities and accelerate the establishment and improvement of carbon trading mechanism in resource-based cities to make enterprises get rid of dependence on resources, thus promoting the transformation of production mode to green and clean direction.
Fourthly, we should strengthen the dominant position of the market and promote market-oriented reform. And the government departments focus on ensuring the sound operation of the free competitive market mechanism to provide sufficient liquidity for carbon emission trading scheme in the market. In turn, we can maximize the efficiency of carbon trading policy implementation and achieve green and low-carbon development of the economy.
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