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Abstract

:

China is facing serious haze pollution while its economy is developing at a high speed. Nevertheless, traditional command-and-control environmental regulation has been ineffective in reducing haze pollution. The Chinese government must find more effective ways to combat haze pollution immediately. Through the synthetic control method, this paper uses the provincial PM2.5 concentration and economic data from 2000 to 2016 to examine the causal effect between the Hubei carbon emission trading pilot and haze pollution, and further establish a mediating effect model to explore the impact mechanism between the carbon emission trading market and haze pollution. The results show that the pilot of carbon emission trading in Hubei Province has led to a decrease of PM2.5 by 10% in five years, which is significant at least at the level of 10%. It mainly achieves the purpose of reducing haze pollution by adjusting the energy structure and increasing R&D investment.
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1. Introduction


Since the reform and opening-up, China’s economy has developed rapidly, achieving the progress from a low-income country to a middle-income country. From 1978 to 2020, China’s total GDP has increased 42 times, with an average annual growth rate of 9.3%, becoming the world’s second largest economy [1] after the United States. However, in the process of rapid economic growth and the creation of a large amount of material wealth, serious environmental problems have been increasingly exposed. The 2020 global environmental performance index report shows that China’s environmental performance ranks 120th among 180 countries, and the environmental problems that appear in stages in the industrialization process of developed countries are concentrated in China in a short period of time.



As one of the main manifestations of environmental problems, haze pollution has the characteristics of wide coverage, high degree of harm, and long duration [2]. PM2.5 (fine particles less than or equal to 2.5 microns in diameter) [3], the culprit of haze weather, pose a serious threat to the human body. After PM2.5 is inhaled into the human body, part of it is effectively deposited in all areas of the respiratory tract [4] through the diffusion mechanism, and the other part is absorbed into cells; passes through epithelial cells and endothelial cells; and reaches potential sensitive target sites, such as the bone marrow, lymph nodes, spleen, and heart, through blood circulation and lymphatic circulation [5], causing premature mortality in humans [6]. According to the 2016 report of the World Health Organization, outdoor exposure to fine particulate matter causes over 3 million deaths worldwide [7]. From 2013 to 2018, the over-standard rate of urban air quality in China remained at more than 60 percent according to the environmental situation bulletin published by the Chinese government over the years. Likewise, PM2.5 is the main pollutant in the days of heavy pollution, accounting for 78.8%. However, PM2.5 does not only harm human health [8] and shorten life expectancy [7], but also interferes with the earth’s climate change, resulting in the weakening of the atmospheric cycle [9] and the water cycle [10,11], and affects human capital, leading to the decline of labor productivity [12], further aggravating the gap between the rich and poor [13]. How to effectively restrain haze pollution has become an important environmental problem in China, and it is also the main purpose of our research.



Faced with worsening haze pollution, the Chinese government typically formulates environmental regulations to limit pollutant emissions [14], and implements fines or the closure of polluting enterprises in order to reduce pollution [15]. This traditional “command-and-control environmental regulation” failed to effectively reduce pollution, and PM2.5-dominated air pollution deteriorated [16]. The primary reason is that the Chinese government’s punishment measures failed to effectively curb the pollution behavior of businesses [17] and failed to encourage cleaner production by businesses. The promotion of Chinese government officials is strongly correlated with the GDP [18,19]. Under the system of intense political competition, local government officials lack the motivation for environmental supervision; consequently, air quality may continue to deteriorate [20,21]. The existing literature shows that the traditional environmental supervision measures have not effectively restrained the haze pollution problem, and the Chinese government must immediately implement more effective measures to reduce haze pollution. China started the pilot construction of carbon emission trading in 2011, and successively opened carbon emission trading pilot projects in Shenzhen, Shanghai, Beijing, Guangzhou, Tianjin, Hubei, and Chongqing in 2013, corresponding to the establishment of seven voluntary greenhouse gas emission reduction trading institutions to start online trading [22]. As a type of market incentive environmental regulation, whether the carbon emission trading market can reduce haze pollution has become a pressing issue that must be addressed. However, the present research is almost non-existent, since it focuses on the emission reduction effect of the carbon emission trading market [23,24] while disregarding the carbon emission trading market’s potential collaborative governance capability. The carbon emission trading market aims to reduce carbon dioxide emissions. Considering the correlation between carbon dioxide and PM2.5, the main sources of carbon dioxide and PM2.5 come from the combustion of fossil fuels and vehicle emissions [25]. The carbon emission trading market may promote enterprises to increase investment in technological innovation [17,18,19,20,21,22,23] and reduce the use of fossil energy and adjust the energy structure [17], as well as reduce PM2.5 pollution, so as to achieve the effect of coordinated control of the greenhouse effect and haze pollution. However, existing research also shows that China’s carbon emission trading market may not alleviate haze pollution. A national survey found that Chinese enterprises have little enthusiasm for participating in the carbon emission trading market, and most enterprises only regard participating in the carbon emission trading market as a means to improve relations with the government and win a good social reputation [26]. In addition, quotas are allocated according to the historical emission data of enterprises in the past few years. Those enterprises that have excellent emission reduction capacity and have taken emission reduction actions may, therefore, receive fewer quotas, which may further weaken their motivation to reduce emissions [27]. On the other hand, environmental regulation may have a pollution substitution effect. Environmental regulation for a single pollutant causes the emission cost of the pollutant to rise, and enterprises may take alternative measures to cause other media pollution [28,29]. For example, due to the US Clean Air Act’s increasing emission cost of air pollution, some enterprises use a large amount of water in terminal treatment, resulting in increased water pollution [28,29,30], which is difficult for regulators to capture [29]. In a word, whether carbon emission trading can inhibit haze pollution is of great significance. At present, there is a relative lack of empirical research, which requires us to further explore the internal mechanisms of carbon emission trading and haze pollution.



This paper adopts the synthetic control method proposed by Abadie and Gardeazabal [31] to evaluate the causal effect of carbon emission trading pilot policy and haze pollution, empirically tests whether the carbon emission trading market has achieved the synergistic governance effect on haze pollution, and verifies the rationality of the Hubei carbon emission trading pilot from the perspective of haze pollution by using the PM2.5 concentration and economic data of China’s provincial administrative regions from 2000 to 2016. In addition, this paper further studies the impact mechanism of reducing PM2.5 concentration in the carbon emission trading market and provides corresponding suggestions for controlling haze pollution and improving the construction of China’s carbon emission trading market.



Compared with the existing literature research, the possible innovations of this paper focus on the following three aspects: first of all, the research on the policy effects of the carbon emission trading market at present focuses on the carbon dioxide emission reduction effect and the economic effect of the carbon emission trading market, ignoring the possible impact of the carbon emission trading market on haze pollution. This paper enriches the carbon emission trading policy evaluation theory from the perspective of haze pollution, and verifies the rationality of the pilot element design of China’s carbon emission trading market. Second, the existing research on environmental regulation and haze pollution concentrates on environmental regulation’s efficacy while neglecting the distinctions between environmental laws. Although traditional command-based environmental regulation can have a certain effect in the short term, there are many problems. This paper takes the market-based environmental regulation, the Hubei carbon emission trading pilot, as the research object. Empirical evaluation of its causal relationship with haze pollution has explored a new possible way for China to control haze pollution. Third, this paper’s research technique differs from prior publications. Currently, much of the research employs the computable general equilibrium (CGE) model to assess the impact of the carbon emission trading market prior to participation. The CGE model, on the other hand, is based on model assumptions, but lacks empirical backing. As a result, the CGE model’s applicability in policy assessment has several limitations. In addition, despite the fact that the publications employing difference-in-difference (DID) investigated the impact of carbon emission trading policies from a post-engagement viewpoint, it is impossible to exclude the subjectivity of picking the control group [32]. The synthetic control mechanism utilized in this study circumvents the aforementioned issues.



The remainder of this paper is structured as follows: first, a literature review is presented in Section 2; then, the background of China’s carbon emission trading policy is introduced in Section 3; after which, the theoretical model data and methods of this paper are displayed in Section 4; the empirical model is proposed in Section 5; the impact mechanism is further explored in Section 6; and finally, the paper’s conclusions and recommendations are presented in Section 7.




2. Literature Review


2.1. Relevant Research on Haze Pollution Control


Due to China’s unique political environment, the Chinese government’s most common method of environmental regulation is issuing administrative orders to intervene in economic production to reduce haze pollution [14]. This command-and-control environmental regulation, such as the closure of polluting businesses and the imposition of fines, is essential for controlling haze pollution because it can intervene in time [33,34] to improve air quality in a short time [35]. Despite the fact that command-and-control environmental regulation has played a positive role, many academics believe that it has numerous problems [36]. They found that command-and-control environmental regulation did not take into account the variation in emission reduction costs and did not use the lowest cost method to reduce pollution, resulting in inefficient governance [37]. Using spatial econometric models, Li (2019) [38] demonstrated that command-controlled environmental regulation is not conducive to environmental technology innovation. Li and Wu (2017) [39] subdivided China’s prefecture-level cities based on urban political characteristics and regional differences; discovered that government environmental supervision inhibited the original technological innovation of enterprises; and believed that the government should reduce market intervention and improve enterprises’ adaptability to market changes. In addition, enterprises with different attributes exhibit distinct behavioral characteristics in response to command-and-control environment regulations. Companies with clean production will lobby to strengthen regulation, whereas companies with high pollution may lobby to weaken regulation, resulting in the final regulatory measures favoring the interest groups of high-pollution companies [40]. In summary, China’s traditional command-and-control approach to environmental regulation failed to effectively alleviate haze pollution. On the one hand, when the government administrative department punished the pollution behaviors of businesses, the environment had been polluted and the goal of protecting the environment was not achieved [17]. Correspondingly, in the face of enormous profits, businesses frequently viewed punishment as insignificant, and lacked the motivation to control pollution [41]. On the other hand, regulatory authorities have limited resources, and the behavior of local governments within their jurisdiction is constrained by financial pressure. To avoid the transfer of environmental costs, they tend to reduce environmental regulation standards and attract polluting businesses [42]. Simultaneously, in the official promotion evaluation system with GDP as the central index, the primary objective of government officials is to increase GDP, and a significant evaluation index related to political promotion [17,18]; therefore, local government officials tend to relax regulation, and air quality may worsen [20,21].




2.2. Research on Carbon Emission Trading


The Coase theorem, proposed by Coase in 1960, serves as the theoretical foundation for the carbon emission trading market as a typical market incentive for environmental regulation [43]. By establishing a mature market mechanism, he can develop an incentive measure. Even without oversight, businesses can achieve environmental objectives at the lowest cost. The carbon emission trading markets in Europe and the United States were established earlier and are generally more mature than China’s system, which is still in its infancy. Many scholars compared the differences between China and the European and American carbon trading markets and put forward the experience of China’s carbon trading market construction. For instance, Liu (2015) [44] compared China’s carbon emission trading market to that of developed nations, highlighting the dominance of state-owned enterprises in China and the macrocontrol of electricity prices that distorts the market economy and eliminates the market’s functional characteristics. The inefficiency of China’s carbon emission trading market was analyzed by Zhao (2017) and others [45] in terms of institutional arrangements, market participants, and supply and demand. Scholars believe that the construction of China’s carbon emission trading market should be optimized by reducing the range of quota changes [46], increasing policy transparency [47], exploring effective emission reduction mechanisms [48], and rationally utilizing government regulation [49]. However, the literature on the effectiveness of China’s carbon emission trading market is scarce, with the majority of studies focusing on the market’s effect on emission reduction. Zhang (2020) and others [23] evaluated the emission reduction effect of China’s emission trading policy and concluded that the carbon emission trading market can effectively reduce the carbon emissions of pilot cities. Yu (2020) [50] examined the effect and mechanism of the carbon emission trading market on urban carbon emission intensity, and found that the carbon emission trading market significantly promoted the reduction of carbon emissions by adjusting the industrial structure and energy conservation and emission reduction strategies.



In respect to the policy evaluation methods, many studies have established a CGE model to simulate the effects of carbon emission trading policies from the perspective of pre-engagement. Tang (2013) [51] simulated the impact on economic output and social welfare at the national and regional levels with and without a carbon emission trading market. Compared to the mandatory emission contract scenario, the economic output and welfare losses under the implementation of carbon emission trading are significantly lower. Peng (2015) [52] analyzed the economic impact of four energy-intensive industries in Guangdong Province against the backdrop of carbon emission trading policy using the dynamic CGE model of two regions. However, previous simulations rely on model assumptions and lack empirical support. Consequently, the application of the CGE model to the evaluation of policy has certain limitations. Nevertheless, there are still some academics who evaluate the policy impact of carbon emission trading from a post-period perspective. Zhang (2020) and others [23] evaluated the impact of China’s carbon emission trading market on carbon emissions using the DID model, whereas Yu (2020) [50] examined the impact and mechanism of the carbon emission trading market on urban carbon emission intensity using the DID model. However, the subjectivity of the DID model makes it difficult to objectively select the control group. It is crucial to select the control group in a scientific and objective manner [53].



In a word, the existing literature contains a great deal of research on China’s carbon emission trading market and pollution control, but there are still gaps in the research: first, the existing research focuses primarily on the impact of the carbon emission trading market on carbon dioxide emissions and economic benefits; however, what is the impact of the carbon emission trading market on PM2.5? Will the carbon emission trading market result in the “pollution substitution” or “collaborative governance” of multiple pollutants? Effective research of the carbon emission trading market is incomplete due to the lack of relevant evidence at present. Second, domestic articles on haze pollution control emphasize the effectiveness of environmental regulation while disregarding its heterogeneity. Traditional command-and-control environmental regulation has numerous flaws in the context of environmental governance. It must be investigated whether carbon emission trading, as a market incentive for environmental regulation, can control haze pollution. Lastly, due to the late development of China’s carbon emission trading market and the immature market construction, the majority of studies use CGE models for policy simulation, and the literature on empirical analysis of carbon emission trading effects using data from the post perspective is scarce, and the majority of empirical analysis articles use CGE models for policy evaluation. However, it is subjective and must satisfy the common trend assumption, which may result in estimation error. Therefore, it is necessary to reevaluate China’s carbon emission trading market using reasonable and scientific methods.





3. Institutional Background


In December 1997, the first additional agreement to the Convention, namely, the Kyoto Protocol, was adopted in Kyoto, Japan. The Kyoto protocol proposed using the carbon emission rights quota as a scarce resource for public trading, thereby forming an artificial market that can achieve the purpose of reducing carbon emissions through incentives and constraints [54], which is the carbon emission trading market. After the formal entry into force of the Kyoto Protocol in 2005, the global carbon emission trading market has experienced explosive growth, and 17 regions [55] in the world, such as the EU-ETS [56] and the Chicago Climate Exchange [57,58], have produced positive emission reduction effects. The development of carbon emission trading in China is relatively late. In the 12th Five Year Plan issued by the CPC Central Committee, it was proposed that China will establish its own carbon emission trading market. On 29 October 2011, the general office of the National Development and Reform Commission officially issued the Notice on The Pilot Work of Carbon Emission Trading, approving the pilot work of carbon emission trading to be carried out in Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong, and Shenzhen (as depicted in Figure 1), signifying that after approximately two years of preparation, from planning to practice of carbon emission trading [59], seven pilot projects of carbon emission trading in China have been launched one after another. In 2017, the National Development and Reform Commission released the Construction Plan of the National Carbon Emission Trading Market (Power Generation Industry), marking the market’s official launch. The document outlined China’s carbon emission trading market in detail and noted that the national carbon emission trading market is implemented in three stages: infrastructure construction, simulation operation, and deepening and improvement. The national carbon emission trading market was launched for online trading in 2021, and the power generation industry was the first industry to be included in the national carbon emission trading market, signifying that China’s carbon emission trading market officially entered the simulation operation period. Simultaneously, the original pilot local trading market and the national carbon emission trading market continued to operate on parallel tracks. China has achieved the policy goal of reducing the intensity of carbon emissions by 40–45 percent by 2020 compared to 2005 through a combination of market mechanisms and government oversight in carbon emission trading pilots. Additionally, the Chinese government pledges to strive for peak carbon dioxide emissions by 2030 and carbon neutrality by 2060 [60].



Given that the national carbon emission trading market implementation period is relatively brief, and the policy effect has a certain lag, it is difficult for us to evaluate the effect of the national carbon emission trading market comprehensively. Therefore, we have chosen to evaluate the policy effect of China’s carbon emission trading pilot. However, although the frameworks of the seven carbon emission trading pilots are comparable, there are significant differences in the specific details of policies, such as the industry scope of the regulated enterprises and the initial allocation method of carbon quotas, among the various carbon emission trading pilots. We must differentiate between these seven carbon emission trading pilot programs. Despite the late establishment of the Hubei carbon emission trading pilot, the total transaction volume and major market indicators, such as the number of investors, the cumulative daily average trading volume, and the amount of foreign capital introduced from outside the province, are well ahead of schedule [61]. The total volume of quota transactions in Hubei in 2015 was 17.95 million tons, with a trading volume of 424.5 million yuan, making it the second largest carbon emission trading market after the European Union Emission Trading Scheme (EUETS). As of 30 June 2021, there were 357 million tons of quota transactions on the Hubei carbon market, with a total cumulative trading volume of 8.375 billion yuan, of which, 348 million tons were traded on the secondary (spot and derivatives) market, representing 49.55 percent of the country; the turnover was 8.163 billion yuan, representing 54.84 percent of the country. Hubei’s carbon emission trading market is responsible for half of China’s trading volume and turnover [50]. In addition, Hubei Province is located in the central region of China; transportation between the nine provinces is convenient; Hubei Province’s industrial structure is similar to that of China, which is dominated by the tertiary industry and has a strong industrial foundation; and Hubei Province’s economic situation is close to the average level of China’s economy. Therefore, this paper chooses the Hubei carbon emission trading pilot as the research object to study the impact of the Hubei carbon emission trading pilot on PM2.5 concentration, which is conducive to the construction of the national carbon emission trading market, so as to achieve the purpose of coordinated environmental governance.




4. Data and Methods


4.1. Synthetic Control Method


We use the PM2.5 concentration data obtained by the Atmospheric Composition Analysis Group at Dalhousie University to draw the PM2.5 concentration distribution map of China before and after the implementation of the carbon emission trading market (as shown in Figure 2), in which Hong Kong, Macao, and Taiwan are white due to a lack of data. As depicted in Figure 2, North China, East China, and the center of China have the highest PM2.5 concentrations in China. However, the concentration of PM2.5 in many regions has decreased since the implementation of the carbon emission trading policy, making it difficult to determine whether this is a direct result of carbon emission trading. In order to scientifically evaluate the carbon emission trading market, it is crucial to select appropriate evaluation methods.



This paper uses the synthetic control method to evaluate the pilot of carbon emission trading. Abadie (2003) [31] first proposed the synthetic control method, and used it to evaluate the economic impact of terrorist activities in the Basque region of Spain. Its central tenet is to view the external intervention as a quasi-natural experiment, and to give the control group the most appropriate weight to form the experimental group’s counterfactual framework (a situation that did not occur) [62]. Comparing the real situation of the experimental group with the counterfactual framework of the experimental group, the actual impact of the external treatment can be obtained.



We assume that we have collected panel data from 1 + M regions in the T period. Among them, the intervention region, i, was set up as the pilot region of carbon emission trading at the t0 time point, and the remaining M regions were not intervened by the carbon emission trading market as the control group. Pit,1 represents the PM2.5 concentration in Region i when carbon emission trading was active at time, t, and Pit,0 represents the PM2.5 concentration in Region i when carbon emission trading was not active at time, t. When t > t0, the policy effect of carbon emission trading can be expressed as:


       α  it   =  P  it , 1   −  P  it , 0        



(1)







However, in fact, we cannot observe Pit,0, so we use the factor model constructed by Abadie (2010) [63] to construct Pit,0 under the counterfactual framework:


       P  it , 0   =  δ t  +  β t   Z i  +  γ t   μ i  +  ε  it        



(2)







Among them,    δ t    is the time-fixed effect,    β t      is the unknown coefficient vector,    Z i    is the observable control variable,    γ t      is the unobservable public factor,    μ   i        is the unobservable regional fixed effect, and        ε    it     is the unobservable shock.



The method to solve Pit,0 is to weight and average all regions of the control group, so assume that an N × 1-dimensional weight vector W = (w2,…, wn+1) is required, for any wn ≥ 0 and w2 + … + wn+1 = 1, wj represents the proportion of the j th region in the synthesis control group [63], and the concentration of PM2.5 in the experimental region can be expressed as:


        ∑  n = 2   N + 1     w n   P  nt   =  δ t  +  β t    ∑  n = 2   N + 1     w n   Z n  +  γ t    ∑  n = 2   N + 1     w n   μ n  +   ∑  n = 2   N + 1     ε  nt        



(3)







Suppose there is W = (w2, …, wn+1) such that:


        ∑  n = 2   N + 1     w n  ×  P  n 1   =  P  11   ,                   ∑  n = 2   N + 1     w n  ×  P  n 2   =  P  12        



(4)






        ∑  n = 2   N + 1     w n  ×  P    nT  0    =  P  1  T 0    ,           and   ∑  n = 2   N + 1     w n  ×  Z n  =  Z 1       



(5)







Abadie (2010) [63] proved that the obtained     ∑   n = 2   N + 1    w n  ×  P  nt     can be used as an unbiased estimate of Pit,0, so the effect of policy intervention can be expressed as:


       α  it   =  P  it , 1   −   ∑  n = 2   N + 1     w n  ×  P  nt     , t ∈    t 0  + 1 , T        



(6)







The key of the synthetic control method is to solve W, and the solution of W can be obtained by minimizing the distance function between X1 and X0W [63]; this means that before the implementation of the policy, the situation in the real area is as close as possible to that in the synthetic area, X1 is the (m × 1) dimensional eigenvector, X0 is the dimensional eigenvector of the pilot area without carbon emission trading, and the function expression is:


           X 1  −  X 0  W     =       X −  X 0  W    ′  V   X −  X 0  W          



(7)







V is a n × n-dimensional symmetric positive semidefinite matrix with diagonal elements whose values reflect the relative significance of various control variables. Select the optimal V to make the synthetic control of the treatment unit the best track to change the carbon emission level before the implementation of the carbon emission trading mechanism of the reprocessing unit. Learn from the research of Abadie and others [63], use Stata software to figure out V and W to minimize the carbon emission trajectory of the synthetic area and the experimental group before T0, and then evaluate the effect of the policy.



Compared with the DID model, the synthetic control method, as a data-driven non-parametric method, overcomes the subjective randomness of the difference-in-differences model when selecting the control group and the “common trend hypothesis” that the experimental group and the control group need to meet. In addition, the synthetic control method avoids the recessive deviation of unobservable control variables in a data-driven way. Athey and Imbens (2017) believe that the synthetic control approach is arguably the most important innovation in the policy evaluation literature in the last 15 years [32]. For the aforementioned reasons, the synthetic control approach was chosen as the pilot method for evaluating carbon emission trading.




4.2. Variables and Data Sources


We select the Hubei carbon emission trading pilot as our research object and build a counterfactual framework to evaluate the impact of the carbon emission trading market on haze pollution. The data are drawn from the balanced panel data of China’s 25 provincial administrative regions from 2000 to 2016 (the data of Tibet, Hong Kong, Macao, and Taiwan are missing, and Beijing, Tianjin, Shanghai, Chongqing, and Guangzhou were excluded due to the implementation of the carbon emission trading pilot). The primary sources of information are the China Statistical Yearbook, the China Energy Statistical Yearbook, provincial statistical yearbooks, and statistical bulletins. The National Development and Reform Commission released the Notice on the Pilot Work of Carbon Emission Trading in October 2011. Hubei Province was included in the carbon emission trading pilot program. Although the carbon emission trading market had not yet been launched, relevant businesses had taken the necessary precautions. As a result, the year 2011 was selected to determine whether the carbon emission trading pilot had an effect. Our sample period starts in 2000, since that is the first year for which we have access to all the data. China’s national carbon emission trading market, which may be impacted by the carbon emission trading system and cannot become a potential control group, started construction in 2017 in response to the spontaneous carbon emission trading markets (such as Fujian Province) in some provinces. Therefore, we decided to stop collecting data at the end of 2016.



The culprit behind haze pollution is PM2.5. In this paper, the concentration of PM2.5 is selected as the outcome variable. This paper uses the PM2.5 concentration data obtained by the Atmospheric Composition Analysis Group at Dalhousie University, which uses the ideas of Van Donkelaar [64] to obtain the 0.01° × 0.01° raster data of PM2.5 concentration values in the global range via global satellite data, as the Chinese government’s PM2.5 detection data only began in 2013, and the data before 2013 are missing. Based on the base map of ArcGIS and PM2.5 concentration raster data at the provincial level in China, this paper uses ArcGIS software to parse it into PM2.5 annual average concentration data at the prefecture level and above, and excludes dust and sea salt. Affected by the data update, the time span of the data used in this paper is 2000–2016.



This paper selects economic size [65], population density [66,67], urbanization rate [68,69], the transport sector [69,70], and energy consumption [71] as the prediction variables of PM2.5 concentration, with reference to the relevant literature. The level of economic development is expressed by per capita GDP; population density is expressed by resident population/administrative area; urbanization rate is expressed by urban population/total population; the transport sector is expressed by the total number of cars owned by the region; and energy consumption is expressed by the total consumption of raw coal, crude oil and its products, natural gas, and electricity, and the unit is converted to standard coal. Table 1 displays the particulars of these prediction variables. In addition, we use the PM2.5 concentration in 2000, 2005, and 2010 as three additional prediction variables in order to ensure that the synthetic region can be well fitted.





5. Analysis of Empirical Results


5.1. Estimate Results of SCM


The synthetic Hubei will be set as a control group that is not affected by carbon emission trading pilot projects. In the experimental group influenced by the carbon emission trading pilot policy, the real Hubei began to build the carbon emission trading market in 2011. Although the carbon emission trading market has not been completely launched at this time, the Chinese government has announced the notice of building a carbon emission trading market. Related companies have taken corresponding measures. Therefore, we will take 2011 as a time point for dividing whether to be piloted by carbon emission trading. In synthetic Hubei, the carbon emission trading market has never been put into practice. The weighted average of the potential control provinces can be represented by synthetic Hubei. We choose a suitable weight through the synthetic control method, so that the PM2.5 concentration of Hubei and the real Hubei before the implementation of the carbon emission trading pilot policy is as consistent as possible. In this paper, the weight is calculated with the help of Stata17’s synth program operation synthesis control method, and a composite Hubei is formed. The synthetic Hubei is composed of potential control provinces and is fitted by predictive variables such as economic size, population density, urbanization rate, transport sector, energy consumption, etc. The basic idea is to synthesize a synthetic Hubei closest to the real Hubei through predictive variables before the implementation of the carbon emission trading pilot. Since synthetic Hubei is composed of a control group, and the control group has not received the policy impact of the carbon emission trading pilot, we intend to take synthetic Hubei as the counterfactual framework when Hubei has not implemented the carbon emission trading pilot. The weight of synthetic Hubei is shown in Table 2. The higher the provincial weight of the control group, the more similar the modified area is to the experimental group, in which synthetic Hubei is composed of Hunan, Anhui, Liaoning, Fujian, Shanxi, Ningxia, and Hainan.



Table 3 compares the average values of the prediction variables of real Hubei and synthetic Hubei with all control groups before the implementation of the carbon emission trading pilot. From the table, we can see that the parameters of real Hubei and synthetic Hubei are not that different. This means that the fitting effect of synthetic Hubei is better, which makes this study even more reliable.



Figure 3 shows the concentration of PM2.5 in Hubei. The red solid line represents the concentration of PM2.5 in real Hubei, the black dotted line represents the concentration of PM2.5 in synthetic Hubei, and the position of the vertical line represents the starting time of the impact of the carbon emission trading pilot policy. The carbon emission trading market has no effect on the synthetic or real Hubei on the left of the vertical line, and the carbon emission trading market has an effect on the real Hubei on the right of the vertical line, but not on the synthetic Hubei. It can be seen from the figure that the concentration of PM2.5 in real Hubei and synthetic Hubei on the left side of the vertical line is relatively close, indicating that synthetic Hubei better matches the concentration of PM2.5 in real Hubei. Therefore, we have reason to believe that synthetic Hubei is more appropriate as the counterfactual framework when the real Hubei does not implement the carbon emission trading market. In addition, we can see that the black dotted line and the red solid line on the right side of the vertical line have clearly decreased, which reflects that the concentration of PM2.5 will decline no matter whether Hubei has realized the carbon emission trading market, which may be related to the Chinese government’s attention to PM2.5 after 2011. However, we can also see that the concentration of PM2.5 in real Hubei and synthetic Hubei on the right side of the vertical line is gradually separated. The concentration of PM2.5 in real Hubei is significantly lower than that in synthetic Hubei. The difference between the two just represents the real policy effect (net effect) of the carbon emission trading pilot, which means that compared with synthetic Hubei without the carbon emission trading pilot, the implementation of the carbon emission trading pilot has significantly reduced the concentration of PM2.5 in Hubei. In the five years from 2011 to 2016, the amount of PM2.5 in Hubei dropped by about 25%. The carbon emission trading market led to a 10% drop in the amount of PM2.5 in Hubei, and the haze pollution in Hubei has gotten a lot better.




5.2. Placebo Test


The empirical evidence presented above indicates that the Hubei carbon emission trading pilot is conducive to reducing PM2.5 levels, but this conclusion may be contested. Is the decrease in PM2.5 levels in Hubei due to an accidental factor other than the establishment of a carbon emission trading pilot? This paper uses the “placebo test” proposed by Abadie (2010) [63] to verify the validity of the conclusion, i.e., to verify that the change in PM2.5 concentration in Hubei Province is, indeed, caused by the carbon emission trading pilot, rather than other intervention policies or other accidental factors introduced by the Chinese government to control haze pollution at the same time. The following are the specific steps of the placebo test: a provincial administrative region will be selected randomly from the potential control group’s provincial administrative regions to serve as the placebo test region. Assuming the placebo test region and the processing region implemented the same carbon emission trading pilot in the same year, the region’s policy is evaluated based on the synthetic control law. If the decrease in PM2.5 concentration in Hubei is caused by the carbon emission trading pilot, the placebo test area should experience a lesser policy impact than Hubei. In this paper, we chose Anhui and Hunan, the provinces with the highest synthetic Hubei production. The greater the weight, the greater the similarity between the province and Hubei, and the greater the accuracy of the placebo test. According to the fitting results of Figure 4 and Figure 5, the real PM2.5 concentration of Anhui and Hunan before and after the implementation of the policy is nearly identical to the synthetic PM2.5 concentration, indicating that the carbon emission trading pilot in Anhui and Hunan has no effect if Anhui and Hunan also implement it. This also demonstrates that the reduction of PM2.5 concentration in Hubei is a direct result of the carbon emission trading pilot program, as opposed to other random factors.



Although the carbon emission trading market began construction in 2011, the carbon emission trading market may not be fully completed at that time. Therefore, it may not be accurate to use 2011 as the starting point for the impact of the carbon trading pilot, and it is necessary for us to change the starting time of the carbon trading policy [72]. Considering that the Hubei carbon emission trading market was officially launched in early 2014, in this paper, we lag the impact time of the carbon emission trading pilot by two periods, and choose 2013 as the time node to divide the carbon emission trading policy. The carbon emission trading market had not been launched before 2013 (including 2013), and the carbon emission trading system was officially launched after 2013. Once again, we use the synthetic control method to evaluate the impact of the carbon emission trading policy on PM2.5 concentration, and the results are shown in Figure 6. It can be seen from Figure 6 that, on the left side of the vertical line (before 2013), the concentration of real Hubei and synthetic Hubei PM2.5 is close, which indicates that the synthetic Hubei province well reflects the PM2.5 concentration when it is not affected by the carbon emission trading policy and meets the basic conditions of the synthetic control method. On the right side of the vertical line, after the carbon emission trading market is launched, the PM2.5 concentration gap between the real Hubei and the synthetic Hubei gradually increases, and the concentration gap between the real Hubei and the synthetic Hubei just reflects the policy effect of carbon emission trading, indicating that the PM2.5 concentration in Hubei province did not improve before the launch of the carbon emission trading market in 2014. However, after the launch of the carbon emission trading market, the PM2.5 concentration gap between real Hubei and synthetic Hubei gradually increased, and the PM2.5 concentration in Hubei province decreased significantly. Therefore, whether it is the announcement of the carbon emission trading market project in 2011 or the official launch of the carbon emission trading market in early 2014, the carbon emission trading market has had a long-term impact on PM2.5 concentration. We demonstrate the objectivity of the carbon emission trading market in reducing the PM2.5 concentration by using a placebo test.




5.3. Permutation Test


Abadie et al. [63] proposed a sort test comparable to the rank test in statistics to assess the robustness and significance of the effect of policy evaluation. This method can be used to determine whether there are additional pilot provinces without carbon emission trading. After employing the synthetic control method, the results for the policy pilot provinces and the probability of the Hubei carbon emission trading pilot policy effect are comparable. The idea of the sequencing test is to assume that provinces other than Hubei have also implemented carbon emission trading pilots during the same time period. In accordance with the synthetic control method, the corresponding control group is synthesized, and the carbon emission differences between the provinces that assume the implementation of the policy and its synthetic group are compared to determine the probability of the assumed provinces’ and pilot provinces’ policy effects. As depicted in Figure 7, the Y-axis of the coordinate axis represents the gap between the real PM2.5 concentration and the synthetic PM2.5 concentration in each region, with the solid line representing Hubei Province and the dashed line representing provinces that have not implemented the carbon emission trading pilot. According to Figure 7, the PM2.5 concentration in Hubei province did not change significantly prior to the implementation of the carbon emission trading pilot. However, after the implementation of the carbon emission trading pilot, the decline rate in Hubei Province is significantly greater than in all non-pilot areas. This indicates that the carbon emission trading pilot has reduced the concentration of PM2.5 in Hubei Province as a whole, and the statistical inference probability of the Hubei carbon emission trading pilot on the concentration of PM2.5 is 1/25 = 4%, and the result can be considered at a 5% statistical level.



To ensure the effect of the sequencing test and the reliability of the simulation of provincial data of synthetic control groups to real provincial data after the implementation of the carbon emission trading pilot, we refer to the method of Abadie et al. [63], and use root mean square prediction error (RMSPE) to measure the difference in PM2.5 concentration between carbon emission trading pilot provinces (including hypothetical pilot provinces). In Formula (6), the specific calculation formula is shown:


      RMSPE =    1   t 0      ∑  t = 1    t 0          P  it   −   ∑  n = 2   N + 1     w n  ×  P  nt      2         



(8)







We eliminated the urban areas in the control group where the RMDSPE is greater than five times that of Hubei, leaving 13 areas. Figure 8 depicts the error distribution after these areas have been eliminated. After adjusting for prediction error, the robustness of the policy effect has been enhanced. Prior to the implementation of the policy, the difference between the real value and the synthetic value of PM2.5 concentration in Hubei Province fluctuated around zero, as shown in the Figure 8. In general, the change range is smaller than that of other cities. After the policy was implemented, the concentration of PM2.5 in Hubei Province decreased significantly, and the gap with other regions widened significantly, indicating that Hubei carbon emission trading has a significant positive impact on the haze pollution control in North Hubei Province. According to the concept of statistical probability distribution, the probability that this result was caused by random factors is only 1 in 13 (7.69 percent). Therefore, the result is statistically significant at the 10% level.





6. Further Discussion


What method does the carbon emission trading market employ to reduce the concentration of PM2.5 in Hubei, given that the carbon emission trading market has a considerable inhibitory effect on the concentration of PM2.5 in the pilot areas? The existing research indicates that the carbon emission trading market raises the price of carbon dioxide emissions, and fossil-fuel-burning is a significant cause of excessive carbon dioxide emissions. To combat the challenge of rising carbon dioxide emission prices, businesses must, therefore, consider modifying their energy structure or intensifying their technical innovation. These two channels may contribute to the decrease in PM2.5 concentration. To test the aforementioned two hypotheses, this research explores the internal mechanism of the carbon emission trading market based on the fixed effect model, and uses the method of intermediary effects with reference to [73,74]. First of all, in this paper, we select the fixed effect model to construct the following three recursive equations:


       P  it   =  β 0  +  β 1  Time ×   treat   it   + δ   control   it   +  u i  +      ρ   t  +  ε  it        



(9)






       W  it   =  φ 0  +  γ 1  Time ×      treat    it   + φ   control   it   +  u i  +      ρ   t  +  ε  it        



(10)






       P  it   =  σ 0  +  β 2  Time ×      treat    it   + θ  W  it   + μ   control   it   +  u i  +      ρ   t  +  ε  it        



(11)







Among them, Pit indicates the PM2.5 concentration of Region i when it is not affected by carbon emission trading at t time. Time × treatit is the virtual variable of the carbon emission trading pilot. If Province i has become a carbon emission trading pilot in period t, the variable is assigned a value of 1, otherwise 0. Controlit is a group of control variables that may affect the upgrading of industrial structure, including economic size [66], population density [66,67], urbanization rate [68,69], transport sector [69,70], and energy consumption [71]. Wit is an intermediary variable that includes: (1) energy structure (EST), expressed as the proportion of coal energy consumption in total energy consumption [17]; and (2) technological innovation investment, expressed as R&D funds [23]. The    u i    and    ρ t   , respectively, represent location-fixed effects and time-fixed effects.    ε  it     is the residual term, which reflects the noise caused by factors that have an impact on the explained variable, but are not included in the explanatory variable. The steps to test the intermediary effect are as follows: first, estimate the model (1) to test whether carbon emission trading has an impact on PM2.5 concentration. If β1 is significantly negative, it indicates that carbon emission trading does have an inhibitory effect on the concentration of PM2.5; second, estimate the model (2) and investigate the relationship between the carbon emission trading mechanism and intermediary variables. If    γ 1    is significantly positive, it indicates that carbon emission trading promotes intermediary variables; if    γ 1    is negative, it indicates that carbon emission trading suppresses intermediary variables; third, estimate model (3). If at least one of    γ 1    and  θ  is not significant, the next test is required; if    γ 1    and  θ  are both significant, there is an intermediary effect. In this case, if the regression coefficient, β2, is also significant, it is a partial mediating effect; if β2 is not significant, it is a complete intermediary effect.



As indicated in column (1) of Table 4, the carbon emission trading effect on PM2.5 concentration is strongly negative, demonstrating that carbon emission trading can reduce PM2.5 concentration, thus satisfying the intermediary effect test’s premise. The estimated results of the second stage of the intermediary effect model are presented in columns (2) and (4) of the table. Column (2) is significantly negative at the statistical level of 1%, indicating that carbon emission trading can effectively adjust the energy structure. The coefficient in column (4) of the table is significantly positive, which means that carbon emission trading has a positive effect on increasing technological innovation. The third stage of the intermediate effect model estimates the influence of energy structure and technological innovation investment on PM2.5 concentration in columns (3) and (5), respectively. The coefficient for energy structure PM2.5 concentration is significantly negative, and the coefficient for scientific and technological innovations is significantly positive, indicating that adjusting the energy structure and increasing investment in technological innovation are also significant for reducing PM2.5 concentration. This further supports the aforementioned hypothesis. On the other hand, the strong negative effect of carbon emission trading on PM2.5 concentrations in columns (3) and (5) implies that there are some intermediate effects between energy structures and scientific and technical innovation. When both energy structure and technological innovation are included as intermediate variables, column (6) represents the outcome of the regression. This further demonstrates that both energy structure and investment in technological innovation act as intermediaries, and it suggests that carbon emission trading can reduce the use of fossil fuels such as coal by changing the energy structure and increasing investment in technological innovation.




7. Conclusions


China has a severe problem with haze pollution. To attain ecological civilization, the Chinese government must find a balance between accomplishing economic growth goals and considering the carrying capacity of resources and the environment. The Hubei carbon emission trading pilot is treated as a quasi-natural experiment in this research. On the basis of China’s province panel data from 2000 to 2016, the influence of the carbon emission trading market on PM2.5 concentration is examined using the synthetic control approach, and the internal mechanism for reducing PM2.5 concentration in the carbon emission trading market is evaluated. Our research results are mainly in the following three aspects: first, Hubei began to build a carbon emission trading market in 2011, and the concentration of PM2.5 in Hubei decreased to a certain extent in the first two years of construction, whereas the concentration of PM2.5 in Hubei decreased significantly after 2013, and the effect of reducing the PM2.5 concentration in the carbon emission trading market is more significant. During the five years between 2011 and 2016, the concentration of PM2.5 in Hubei declined by approximately 25 percent, with carbon emission trading accounting for around 10 percent of this decrease, and haze pollution in Hubei has been greatly reduced. Second, we prove that the conclusion of restraining PM2.5 concentration in the Hubei carbon emission trading pilot project is robust through a placebo test, sequencing test, and other robustness tests, and the results are statistically significant at a minimum level of 5 percent. If certain provinces and locations with a low degree of fit are eliminated, the effect of the carbon emission trading pilot policy can also fulfill the 10 percent significance threshold. Third, we establish an intermediary effect model to study the influence mechanism of carbon emission trading on PM2.5 concentration. The results show that carbon emission trading can lower PM2.5 concentration mainly by modifying the energy structure, decreasing the use of fossil fuels such as coal, and raising investment in technological innovation. These are our main research results.



The research results in this paper have both theoretical and practical significance. Most literature focuses on the carbon emission reduction effect of the carbon emission trading market, ignoring the possibility of coordinating the governance of haze pollution in the carbon emission trading market. Our research can further enrich the relevant theory of policy evaluation of the carbon emission trading market, and provide certain theoretical supplements for the coordination governance of the environment. From the point of view of reality, there are some shortcomings in China’s current environmental regulations. This research has found a way that can effectively reduce the PM2.5 concentration and further tap the two carbon emission trading markets to reduce the PM2.5 concentration, which provides path support for the government to alleviate haze pollution.
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Figure 1. Hubei Province and other pilot areas of carbon emission trading in China. The data are from the Ministry of Natural Resources of the People’s Republic of China. 
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Figure 2. PM2.5 concentration distribution before (left) and after (right) the implementation of carbon emission trading market. The data are derived from the PM2.5 concentration data obtained by the Atmospheric Composition Analysis Group at Dalhousie University. 
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Figure 3. PM2.5 concentration of real Hubei and synthetic Hubei. 
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Figure 4. PM2.5 concentration of real Anhui and synthetic Anhui. 
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Figure 5. PM2.5 concentration of real Hunan and synthetic Hunan. 
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Figure 6. Time placebo test of PM2.5 concentration in Hubei. 
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Figure 7. PM2.5 concentration gaps in Hubei and other provinces. 
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Figure 8. Eliminate the control group whose RMSPE is five times greater than Hubei. 
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Table 1. Predictors of PM2.5 concentration.
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	Predictor
	Index
	Abbreviation





	Economic size
	GDP/Total population
	ES



	Population density
	Population/Area
	PD



	Urbanization rate
	Urban population/Total population
	UR



	Transport sector
	Car ownership
	TS



	Energy consumption
	Total of all energy consumption
	EC
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Table 2. Weight composition of synthetic Hubei Province.






Table 2. Weight composition of synthetic Hubei Province.





	Provinces Involved in Synthesis
	Hunan
	Anhui
	Liaoning
	Fujian
	Shanxi
	Ningxia
	Hainan





	weight
	0.512
	0.269
	0.135
	0.051
	0.024
	0.007
	0.002
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Table 3. Comparison of true value and synthetic value of predictive variables.
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	Predictive Variables
	Real Hubei
	Synthetic Hubei
	Average of Control Provinces





	Economic size
	1,3661.91
	1,3565.69
	1,4941.83



	Population density
	292.90
	292.83
	254.47



	Energy consumption
	5478.58
	5431.26
	8006.99



	Transport sector
	56.97
	63.17
	71.89



	Urbanization rate
	0.3911
	0.3908
	0.3931



	Washington (2000)
	46.00
	46.00
	35.67



	Washington (2005)
	46.30
	46.26
	32.00



	Washington (2010)
	57.00
	55.90
	39.06
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Table 4. The Influence Mechanism of Carbon Emission Trading on PM2.5 Concentration.
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Variable

	
Pit

	
EST

	
Pit

	
RD

	
Pit

	
Pit




	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)






	
Time × treatit

	
−5.236 **

	
−0.655 ***

	
−4.976 **

	
1277.094 ***

	
−6.2776 **

	
−7.0340 ***




	
(−2.10)

	
(−5.63)

	
(−2.11)

	
(4.87)

	
(−2.10)

	
(−2.36)




	
EST

	

	

	
−2.007 **

	

	

	
−1.587 ***




	
(−2.01)

	
(−3.38)




	
RD

	

	

	

	

	
0.0007 ***

	
0.0009 ***




	
(3.26)

	
(5.17)




	
ES

	
0.002 ***

	
0.006 **

	
−0.003 ***

	
24.173 ***

	
−0.002 ***

	
−0.003 ***




	
(4.24)

	
(2.63)

	
(−4.22)

	
(3.72)

	
(−5.20)

	
(−4.63)




	
PD

	
0.016 ***

	
0.038

	
0.157 ***

	
125.302

	
0.016 ***

	
0.024 ***




	
(4.49)

	
(0.06)

	
(4.48)

	
(0.34)

	
(4.58)

	
(4.27)




	
TS

	
0.005

	
−0.052 ***

	
0.005

	
7284.004 ***

	
0.005 **

	
0.003




	
(0.96)

	
(−5.56)

	
(0.97)

	
(13.38)

	
(2.05)

	
(1.21)




	
UR

	
−0.009 **

	
−0.492

	
−0.973 **

	
3024.54

	
−0.097 **

	
−0.125 *




	
(−2.02)

	
(−0.50)

	
(−2.01)

	
(0.59)

	
(−2.19)

	
(−1.66)




	
EI

	
0.001 ***

	
0.001 ***

	
0.012 ***

	
38.688 ***

	
0.001 ***

	
0.003 ***




	
(9.18)

	
(4.74)

	
(5.28)

	
(2.71)

	
(8.82)

	
(7.61)




	
Time fixed effect

	
YES

	
YES

	
YES

	
YES

	
YES

	
YES




	
Regional fixed effect

	
YES

	
YES

	
YES

	
YES

	
YES

	
YES




	
Observed value

	
422

	
422

	
422

	
422

	
422

	
422




	
R2

	
0.6409

	
0.9121

	
0.5827

	
0.9794

	
0.6815

	
0.6022








*, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels. Numbers in parentheses are t-Student statistics.
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