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This paper introduces the current situation of carbon trading market in China and the effect of carbon emission reduction in each region. Theoretically, it expounds the influence mechanism and spatial spillover way of carbon trading market on regional carbon emission. Next, we use the data of 30 provinces in China from 2006 to 2019 to build a continuous spatial difference in difference model (SDM-DID) to empirically study the spatial spillover effect of carbon trading market on regional emission reduction. The results are as follows: First, the implementation of the pilot policy of carbon emission trading has significantly promoted the carbon emission reduction in the pilot areas. From the perspective of impact mechanism, the implementation of carbon trading pilot policy promotes carbon emission reduction in pilot areas by promoting clean transformation of energy consumption structure, improving technology absorption capacity and stimulating development of low-carbon technologies. From the perspective of spatial spillover effect, China’s regional carbon emissions have significant spatial spillover effect, and carbon emissions trading has spatial spillover effect. From the perspective of spatial spillover, the carbon emission trading market promotes the carbon emission reduction in neighboring areas by promoting the clean transformation of energy structure in neighboring areas, improving technology absorption capacity and promoting technological progress.
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1 INTRODUCTION
As countries around the world pay more and more attention to environmental protection, governments have formulated relevant laws or policies to limit or reduce greenhouse gas emissions in industrial activities. At present, China has become the world’s largest carbon emission country, and low-carbon transformation is imminent. The Chinese government has introduced many emission reduction policies, among which the carbon emission trading mechanism is widely used in the world as a means of carbon emission reduction. Carbon emission trading (hereinafter referred to as carbon trading) aims to promote global greenhouse gas emission reduction and reduce global carbon dioxide emissions. The carbon trading market adopts market-oriented means to achieve the purpose of controlling carbon emissions. Since June 2013, carbon trading markets have been gradually established in Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong, Shenzhen and other places. In December 2017, with the approval of The State Council, the National Development and Reform Commission issued the “National Carbon Emission Trading Market Construction Plan (Power generation industry)", which marked the official launch of the national carbon market construction. As of 31 March 2023, the cumulative volume of carbon emission allowances in the national carbon emission rights trading market was 233 million tons, with a turnover of 10.662 billion yuan. The cumulative volume of domestic regional carbon market quota was 599 million tons, with a turnover of 16.406 billion yuan. With the continuous expansion of carbon trading scale, China’s carbon trading system has gradually matured and improved.
China’s carbon trading pilot has gone through 10 years, and the national carbon trading market has been established. The market is active in trading, stable in operation and has good prospects for development. The main purpose of the construction of carbon trading market is to promote regional emission reduction by market-based means, which will encourage most enterprises to achieve carbon emission reduction by various means. In this context, have carbon trading pilot areas achieved carbon emission reduction? What are the specific influencing mechanisms? Due to the rapid development of inter-regional communication and transportation, inter-regional links are becoming more and more closer. There is no geographical constraint on carbon dioxide emissions, and the geographical environment and resource endowment of neighboring regions are similar. So it is highly likely that there is a certain spatial correlation of carbon dioxide between regions. In this context, has carbon trading led to carbon reduction in other regions? Is there a spatial spillover effect of carbon reduction to promote coordinated development between regions?
The existing literature mainly studies the carbon emission trading market from the following three aspects. First, for the operation of the carbon trading market, domestic and foreign scholars have mainly conducted exploratory studies on the liquidity and effectiveness of carbon trading markets. Some scholars also evaluated the development level of carbon trading market. Yi et al. (2018) tried to construct an evaluation index system and evaluated the development of seven carbon trading pilots in China from three dimensions. Chen et al. (2020) constructed the carbon finance development evaluation index system to measure the development level of China’s carbon finance. Ma and Li (2023) conducted qualitative analysis and quantitative calculation of the development status of China’s carbon trading market, and on this basis, through empirical analysis, studied the reasons leading to the imbalance of regional development of China’s carbon trading market. Second, for the impact of carbon market trading, Fujimori et al. (2015) used welfare losses related to climate mitigation to evaluate the effectiveness of carbon emission trading, and found that carbon emission trading can help reduce economic losses related to climate mitigation through research. Zhan and Gan (2023) adopted the staggered differential method and found that enterprises’ participation in the carbon emission trading market could improve their financial performance. More scholars use DID model to evaluate the impact and mechanism of carbon trading market. For example, He (2022) empirically tested the impact of carbon trading market on enterprise innovation strategies by comprehensively applying differential and other methods. Third, for carbon trading market system and pricing, research on carbon trading price mainly focuses on the pricing of carbon emission rights and financial derivatives (Zhao et al., 2017; Lee, 2019). Hao and Tian (2020) proposed a hybrid forecasting framework for carbon price forecasting that considers multiple influencing factors, which can be used as an effective forecasting tool for carbon trading market forecasting and management.
It is very important to study the influencing factors of carbon emission to choose the path of carbon emission reduction. Most scholars conduct research from a non-financial perspective (Ren and Long, 2022). Yang (2023) pointed out that population density, urbanization level and industrial structure would promote carbon emission. A small number of scholars have studied the influencing factors of carbon emissions from the perspective of finance. Scholars have used data analysis from various countries to confirm the conclusion that financial development can promote carbon reduction. Shanhbaz et al. (2013) concluded through empirical research that Malaysia’s financial development reduced carbon emissions, while energy consumption and economic growth increased carbon emissions.
As for the research on the emission reduction effect of carbon trading policy, most of the existing literature adopts the intermediary effect, DID and other methods to study carbon emission reduction. Some scholars (Liu et al., 2022; Zhang et al., 2023) found that carbon trading policy has a significant promoting effect on carbon emission reduction in pilot areas. Cheng and Xiao (2023) empirically tested the action path and generation mechanism of the impact of carbon trading policies from the perspectives of mechanism channels, spatial correlation and policy coordination. The results show that the carbon trading policy can significantly promote the carbon emission reduction in the pilot areas, and there is a certain policy expected effect. Ren and liu (2023) comprehensively evaluated the baud effect and carbon emission reduction effect of carbon trading policy based on multi-period differential method and synthetic control method. And the research results showed that carbon trading policy brought about obvious carbon emission reduction effect and Baud effect. Liu et al. (2023) studied carbon emission reduction from the perspective of the power industry. The research showed that carbon trading policy significantly promoted carbon emission reduction in the power industry, and the longer the implementation of carbon trading policy, the stronger the inhibition effect.
Currently, there are fewer studies on whether there is a spatial spillover effect of carbon emission reduction in carbon trading to drive carbon emission reduction in neighboring regions, thus promoting interregional synergistic development. Spillover effect is a dynamic process and its formation mechanism is also very complex. The main research on spillover effect includes the spillover brought about by technological innovation. For example, Wei et al. (2019) pointed out that technological innovation has spatial correlation and spatial spillover effect. Some scholars use the spatial econometric model to study the spatial spillover effect of carbon emissions. For example, Du (2023) found that the development of digital economy has a significant promoting effect on carbon emissions and a negative spatial spillover effect on carbon emissions in spatially related regions. Yuan (2023) found that there is a positive spatial correlation of carbon emissions among cities in the Yangtze River Economic Belt. The impact of digital financial development in neighboring regions on local carbon emissions shows an inverted “U” type relationship, promoting first and then inhibiting. The enhancement of its carbon emission reduction capacity can effectively promote local carbon emission reduction. Liu and Zhong (2023) tested the spatial spillover effect and action path of carbon emission reduction through the intermediary effect test. And they found that carbon emission rights trading has positive spatial spillover effect.
Yang and Ding (2023) used SCM and S-DID methods to quantitatively analyze the policy effects and spatial effects of carbon trading policies in pilot provinces and cities. Wang and Li (2022) built a spatial difference in difference model and concluded that the adjustment of energy consumption structure formed the policy spillover effect and promoted the carbon emission reduction in neighboring regions. All these prove that the spatial difference in difference method is feasible to study the spatial spillover effect of regional emission reduction. Based on extensive reference to theories and literature results, we adopt a combination of normative theory and empirical research to explore the impact of carbon trading market on regional carbon emission reduction and spatial spillover effects. Firstly, the mechanism and spatial spillover path of carbon trading market on regional carbon emissions are explained theoretically. Then, the spatial spillover effect of carbon trading market on regional emission reduction is studied by using SDM-DID method based on spatial Dubin model. The spatial spillover effect is further disassembled by the deformation of spatial Dubin model to explore the impact of carbon trading market on carbon emissions.
To sum up, this paper has the following innovations and major contributions:
First, this paper improves the traditional differential method and adopts the continuous spatial difference in difference method. At present, most of the studies on the emission reduction effect of carbon trading are conducted by synthetic control method and DID method. Few studies consider its spatial spillover effect. By testing the spatial correlation of China’s carbon emissions, we conclude that there is indeed a spatial positive correlation. The SDM-DID model is constructed to analyze the spatial spillover effect of the development of China’s carbon trading market on regional carbon emission reduction, enriching the relevant research on the spatial spillover effect of carbon trading.
Second, we use the volume and turnover of carbon emission allowances to represent the development level of the carbon trading market instead of the 0–1 dummy variable, and makes an empirical analysis of the regional emission reduction spatial spillover effect of the carbon trading market. It provides theoretical support for the establishment of a national unified carbon market. At present, there are only a few studies on the spatial spillover effect of carbon trading, which mainly study the spatial spillover effect of carbon trading pilot policies. And they are impossible to measure the impact of carbon trading markets at different development levels on carbon emissions, but only the average effect of carbon trading pilot policies on carbon emissions can be investigated. In this paper, the volume and turnover of carbon emission quota are used to study its spatial spillover effect, which can not only represent the impact of policies, but also measure the impact of carbon trading markets at different levels of development on carbon emissions. It also enriches the relevant research on the spatial spillover effect of carbon trading markets. It has certain reference significance for the country to vigorously build the national carbon market and expand the scope of emission control enterprises entering the carbon trading market.
Thirdly, we put forward the idea of constructing spatial weight matrix from three dimensions: geographical distance, economic distance and new economic distance. At present, there is a lack of research on the transmission mechanism of regional emission reduction promoted by the development of carbon trading market. We construct S-DID model to estimate the emission reduction effect brought about by the increase in the development level of carbon trading. It also studies the spatial spillover mechanism of carbon emission reduction caused by the development of carbon market through energy structure, technology absorption capacity and technological progress. It has certain reference significance for provinces to formulate carbon emission reduction policies and smooth the carbon trading transmission path.
2 THEORETICAL MECHANISM
2.1 Theoretical mechanism for the development of carbon trading market to promote regional emission reduction
The main purpose of the carbon trading market is to promote emissions reduction, and most companies will adopt various ways to achieve carbon reduction. First, we need to achieve a clean transformation of the energy structure. Carbon trading encourages enterprises to optimize energy consumption structure through cost pressure, and energy consumption structure is the most direct and effective factor affecting carbon emission reduction. Under the carbon trading system, carbon emissions are endogenous emission reduction costs for enterprises. In order to reduce the marginal cost of emission reduction and obtain more marginal benefits, high energy-consuming industries such as power and steel will inevitably reduce their use of fossil energy. They will tend to use clean energy and adopt low-carbon energy to replace high-carbon energy, thus promoting carbon emission reduction in the whole region. Secondly, it will improve technology absorption capacity. The implementation of carbon trading policy will attract and cultivate high-level talents in related industries. The high-level talents often have strong technology absorption capacity and can provide more experience in carbon trading management, providing intellectual support and talent guarantee for carbon trading and carbon emission reduction in the region. Third, we should increase investment in research and development to achieve low-carbon technological innovation and technological progress. In order to achieve long-term regional carbon emission reduction and sustainable development, emission control enterprises must carry out low-carbon technology innovation, increase R&D investment, improve technological innovation level, improve production efficiency and energy utilization rate. By doing these, emission control enterprises can improve the market competitiveness, and we can promote low-carbon technological innovation in the entire region, and ultimately realize regional carbon emission reduction.
2.2 Analysis of the spatial spillover path of the development of carbon trading market to regional carbon emission reduction
The government should reasonably set the annual total carbon emission quota according to the requirements of the carbon intensity reduction target. After the quota is allocated, if the company’s annual carbon emissions exceed this quota, it must buy from the government or on the carbon trading market, or it will be penalized. If it falls below this quota, it can be converted into carbon emission allowances and traded in the carbon trading market according to certain rules. Faced with the pressure of carbon emission quota restriction, trading entities are faced with two choices: First, enterprises can keep their own carbon emissions below their quotas by reducing total energy consumption, increasing investment in research and development, and using clean energy. The remaining quota can be sold to other subjects through the carbon trading market for profit. Secondly, enterprises cannot reduce their carbon emissions below the quota on their own, but can only choose to pay a fine or purchase carbon emission rights at market prices in the carbon trading market to offset the carbon emissions exceeded by their own production activities.
In summary, it is clear that most companies will adopt the first option, which is to achieve carbon reduction through various means. First, achieving a clean transformation of the energy structure. Second, attracting and cultivating high-level talents in related industries. Third, increasing investment in research and development to achieve low-carbon technological innovation and technological progress. It is highly likely that there is a certain spatial correlation of carbon dioxide between regions, and the development of carbon trading markets may have a spatial spillover effect on regional carbon emission reduction.
(1) The spillover effect of the development of carbon trading market on carbon emission reduction through the clean transformation of energy consumption structure.
In order to reduce marginal emission reduction costs and obtain more marginal benefits, emission control enterprises in pilot areas will inevitably reduce the use of fossil energy, tend to use clean energy, adopt low-carbon energy to replace high-carbon energy, and adjust the energy structure to reduce carbon emissions. Therefore, carbon trading can promote the clean transformation of energy structure in pilot areas, and the utilization of clean energy will drive neighboring areas to reduce the use of fossil energy, tend to use clean energy, adopt low-carbon energy to replace high-carbon energy, and ultimately drive the clean transformation of energy structure in neighboring areas. Yang and Ding (2023) found that carbon emission reduction could be achieved by changing the energy consumption structure. The increase in the cost of carbon emissions and the opportunity cost of carbon trading also relatively raises the marginal returns to energy structure optimization. Enterprises are prompted to shift from high-carbon fossil energy sources to cleaner and low-carbon energy sources with lower carbon emission factors, changing the regional energy consumption structure and thus realizing a reduction in carbon intensity.
(2) The spillover effect of the development of carbon trading market on carbon emission reduction through the improvement of technology absorption capacity.
Regions with higher levels of carbon trading markets will attract and train high-level talent in related industries. High-level talents often have strong technology absorption capacity and can provide more experience in carbon trading management. The development of carbon trading requires innovative thinking and creative ability, which is where high-level talents have an advantage. Talents have a wealth of knowledge and experience, and they are able to identify problems, propose low-carbon solutions, and translate them into practical low-carbon technology applications. Talents can deeply absorb the technology and provide intellectual support and talent guarantee for carbon trading and carbon emission reduction in the region. Finally, an increase in the level of carbon trading development can improve the attractiveness to high-level talents in neighboring regions, provide more experience in carbon trading management and low-carbon technology application, and provide more innovative thinking and innovation capabilities. The talents will absorb the technology in depth, thus improving the technology absorption capacity of the neighboring regions and promoting the emission reduction work in the neighboring regions.
(3) The spillover effect of the development of carbon trading market on carbon emission reduction through technological progress.
The development of carbon trading market has a significant effect on technological progress. Some scholars (Su, 2023) found that the implementation of carbon trading policy encourages enterprises to pay more attention to the research and development of new technologies and the mastery of core technologies, which positively promotes the independent innovation of enterprises to a certain extent. Cao and Su (2023) found that carbon trading policies significantly promoted carbon neutral technological innovation in pilot areas, and the promotion effect was significant in both the short and long term after the implementation of the policies. Du et al. (2021) study confirmed that each region can promote the improvement of local carbon emission efficiency by learning the carbon emission reduction technologies of neighboring regions. Increased investment in R&D and technological innovation related to energy and environmental protection can promote the development of low-carbon technologies and effectively reduce carbon emissions. Neighboring regions will also benefit from increased R&D investment, higher levels of technological innovation, and improved productivity and energy efficiency, thereby achieving technological progress and reducing carbon emissions in neighboring regions.
3 EMPIRICAL RESEARCH DESIGN
3.1 Main variables
3.1.1 Explained variables

Among the seven carbon emission trading pilot regions listed above, Shenzhen is a city-level region and located in Guangdong Province. Considering the equivalence of the relevant variable data of provincial units, only the other six provinces are selected as representatives of the pilot regions in this paper. The carbon emission and carbon emission intensity (carbon dioxide emission per unit GDP) of each pilot area are used as explained variables to reflect the carbon emission in the process of pilot development. The combustion of fossil fuels is the main source of [image: image] emissions, so the final consumption of nine energy sources (see Table 1) in 30 provinces from 2006 to 2019 is selected to estimate the CO2 emissions of each province. The calculation formula is given in Eq. 1.
[image: image]
Where, [image: image] represents the carbon dioxide emissions from the combustion of each energy source; i represents the type of energy; [image: image] represents the terminal consumption of each energy; [image: image] is the conversion factor, representing the energy released by consuming 1 kg of each energy; [image: image] represents the carbon content per unit heat generated by the combustion of each energy; [image: image] denotes the oxidation rate of carbon produced when each energy source is burned; 12 and 44 denote the molecular weight of carbon and carbon dioxide, respectively.
TABLE 1 | Various energy consumption data and carbon dioxide emission coefficients.
[image: Table 1]3.1.2 Control variables
To control the influence of other factors, referring to the existing research and considering the availability of data, we select the economic development level, industrial structure, forest coverage rate and urbanization level as control variables.
Level of economic development ([image: image]). We select the real GDP per capita of each province to measure the economic development level of each province. The higher the level of economic development in a region is, the more developed the industry in the region is, and the carbon dioxide emissions increase accordingly.
Industrial structure ([image: image]). We use the ratio of the added value of the secondary industry to the regional GDP to represent the industrial structure. As the proportion of the secondary industry increases, [image: image] emissions also increase.
Forest coverage rate ([image: image]). The ratio of forest area to land area in each province is used to represent forest coverage. Forests can absorb carbon dioxide through plant photosynthesis to achieve carbon sequestration and reduce regional carbon emissions, thus greatly promoting carbon emission reduction.
Urbanization level ([image: image]). We use the proportion of urban population in the total population to measure the level of urbanization in various regions of China. As the level of urbanization increases, household income increases and expenditure on energy goods increases with expenditure, which leads to more [image: image] emissions from households.
3.1.3 Core explanatory variables
In this paper, the interaction term ([image: image]) between the trading volume of the carbon trading market and the dummy variable of policy time in the six pilot provinces is used as the core explanatory variable.
The quota trading volume of the carbon trading market ([image: image]) is used to measure the development level of the carbon trading market in the pilot provinces. The use of carbon emission quota volume as a continuous dummy variable can not only represent the impact of policies in the region, but also measure whether carbon trading markets with different development levels have the same impact on carbon emissions.
The dummy variable of the time of the carbon trading pilot policy (post). Although the carbon trading pilot program was launched in 2011, actual trading took place after June 2013. In particular, the opening of the carbon market in the six pilot provinces of interest in this paper centered from November 2013 to June 2014, the year when carbon trading policies began to hit the pilot regions. Therefore, we take 2013 as the year when the pilot regions started to be affected by the carbon trading policy, and assigns a value of 1–2013 and the years after 2013, and a value of 0 to the years before 2013.
After the benchmark regression, the interaction term ([image: image]) between the turnover of carbon emission trading and the dummy variable of policy time is used as the core explanatory variable for robustness test.
Data on the volume and turnover of carbon trading markets in six pilot provinces come from the WIND database.
3.1.4 The mediating variables
Energy consumption structure ([image: image]). This paper uses the proportion of coal consumption in total energy consumption to measure the energy consumption structure of each region in China. Yang and Ding (2023) found that carbon emission reduction can be achieved by changing the energy consumption structure. Compared with other energy sources, coal releases more carbon dioxide and causes more serious environmental pollution. As the share of coal consumption decreases, the transition to cleaner energy structure will promote regional carbon emission reduction.
Technology absorption capacity ([image: image]). The number of scientific research employees is used to represent the technology absorption capacity of a region. The more research workers a region has, the more advanced its management experience will be, and the faster it can develop and absorb low-carbon technologies, which can promote regional emissions reduction.
Technological progress ([image: image]). We use the intensity of R&D expenditure of each province to measure regional technological progress. Su (2023) found that the implementation of the carbon trading policy prompted enterprises to pay more attention to the research and development of new technologies, as well as the mastery of core technologies. Cao and Su (2023) found that the carbon trading policy significantly promotes the carbon neutral technological innovation in the pilot regions, and the promotion effect is significant in the short term and long term after the implementation of the policy. The starting point for the impact of carbon trading on corporate technological innovation is R&D inputs. It will lead to direct innovation outputs, provide financing support for energy efficiency and emission reduction by signaling transformation, and promote technological innovation and progress, which will in turn contribute to carbon emission reduction. The higher the level of science and technology in a region, the more advanced its energy saving and emission reduction technology, and the carbon emissions in the region will also be reduced.
3.2 Data source
The data of GDP, added value of secondary industry, permanent resident population, urban population and rural population of each province at the end of the year are from China Statistical Yearbook and Statistical Yearbook of each province. The data of various energy consumption in each province are from China Energy Statistical Yearbook. The data of R&D expenditure intensity in each province are from China Statistical Yearbook on Science and Technology. The forest coverage of each province is from the China Forestry and Grassland Statistical Yearbook.
3.3 Descriptive statistics
In 2011, the “Notice on the Pilot Work of Carbon Emission Trading” was issued. Thereafter, China’s carbon emission trading market was launched one after another. Since June 2013, carbon trading markets have been gradually established in Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong and Shenzhen, etc. The carbon emissions in the pilot areas of carbon emission trading are shown in Figure 1. 2011 is the launch time of the carbon emission trading market in seven pilot provinces, 2013 and 2014 are the years when the pilot carbon market will be launched successively, so it can be inferred that the implementation of the pilot carbon trading policy has a significant effect on carbon emission reduction.
[image: Figure 1]FIGURE 1 | Carbon emissions of carbon trading pilot areas from 2006 to 2019.
Table 2 presents descriptive statistics of the relevant variables. It can be seen from the results in the table that the carbon emission level of the experimental group was significantly different from that of the control group during the study period. And the carbon emission, carbon emission intensity and per capita carbon emission of the control group were all higher than those of the experimental group. In addition, other control variables and intermediary variables were also significantly different. The experimental group’s economic development level, urbanization level, foreign investment level, financial development level, research and development investment, scientific and technological personnel were higher than the control group. Compared with the control group, the experimental group had a lower proportion of secondary industry, forest coverage, and a cleaner energy structure. In view of this, in order to make the evaluation results of the spatial differential model more realistic and effective, it is necessary to impose restrictions on other factors that change over time except policy factors. In addition, all the variables used in this paper are stationary, and there is no multicollinearity in the control variables.
TABLE 2 | Descriptive statistical results of main variables.
[image: Table 2]3.4 Metrological model setting
3.4.1 Model setting
In this study, a continuous S-DID model based on SEM, SAR and SDM was constructed. Formulas 2–4 represent SEM-DID model, SAR-DID model and SDM-DID model respectively:
[image: image]
[image: image]
[image: image]
Where [image: image]. N is 30, representing 30 provinces1 in China except Tibet, Hong Kong, Macao and Taiwan. t represents the year. [image: image] is a constant term, [image: image] represents the i-th column and jth row element of the spatial weight matrix W [image: image] is the spatial lag term of the random error term. [image: image] is the spatial lag term of the explained variable [image: image]. [image: image] represents the spatial autoregressive coefficient of the explained variable, and represents the spatial spillover effect of the local region on the carbon emissions of neighboring regions. [image: image] represents carbon emissions by province. [image: image] is the spatial lag term of the explanatory variable. [image: image] is the spatial regression coefficient of the explanatory variable. [image: image] is an individual dummy variable, indicating the development level of the carbon trading market in the region. [image: image] represents t time carbon trading volume of the region i. [image: image] is a time dummy variable. If t year is after the start of the carbon trading market in the pilot province, [image: image] = 1; Otherwise, [image: image] = 0. [image: image] is the spatial regression coefficient of the control variable. [image: image] is the control variable, [image: image] is the individual fixed effect, [image: image] is the time fixed effect, and [image: image] is the random disturbance term.
3.4.2 Decomposition of spillover effects
The partial differential method is proposed to decompose the regression coefficient of the spatial lag term of the explained variable into direct effect, indirect effect and total effect. In this paper, the general spatial Dubin model is taken as an example. The calculate formulas are given in Eqs 5–8.
[image: image]
Move the [image: image] term on the right side of the equation to the left side of the equality sign, and we get:
[image: image]
Multiply both sides by [image: image], we get:
[image: image]
The matrix of partial differential equations with respect to the Kth variable in the dependent variable is as follows:
[image: image]
The direct effect measures the average effect of the level of development of the carbon trading market in a region on local carbon emissions, that is, the intra-regional spillover effect. It is equivalent to the average of the diagonal elements of the matrix in Eq. 8. The carbon trading volume in the non-pilot area is 0, so it has no impact on the carbon emissions in the local area. Therefore, the direct effect measures the impact of the level of carbon trading in the pilot regions on the region’s carbon emissions.
The indirect effect, also known as spatial spillover effect, measures the average effect of the development level of carbon trading market in neighboring areas on the local carbon emissions, that is, the inter-regional spillover effect. It is equivalent to the off-diagonal average of the matrix in Eq. 8. The carbon trading volume in non-pilot areas is 0, so it has no impact on carbon emissions in other areas. Therefore, the spatial spillover effect in this paper measures the impact of the trading level of pilot areas on the carbon emissions of other regions.
The total effect measures the average effect of the impact of the development level of carbon trading market in all regions on the carbon emissions of the region. The carbon trading volume in the non-pilot area is 0, so it will not affect the carbon emissions of the local area or other areas. So the total effect measures the effect of the trading level in pilot regions on carbon emissions in this region and other regions.
3.4.3 Test of transmission mechanism
In order to further explore the transmission mechanism and spatial characteristics of carbon trading pilot emission reduction, we use formula (4) model as the benchmark regression model to study the transmission mechanism. In the study of carbon trading policy, economic growth, technological absorption capacity and technological progress are considered to be important factors affecting carbon emissions. In this paper, energy consumption structure ([image: image]) is used to represent economic growth, the number of research employees ([image: image]) is used to represent population mobility, and R&D expenditure ([image: image]) is used to represent technology level. Firstly, the influence of the development of carbon trading market on the above factors is analyzed, and the model is given in Eqs 9–11.
[image: image]
[image: image]
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4 EMPIRICAL RESULTS AND ANALYSIS
4.1 Spatial correlation analysis
4.1.1 Analysis of global Moran index
Table 3 and Figure 2 show the global Moran index of carbon emissions of 30 provinces from 2006 to 2019. It can be seen that in the sample interval from 2006 to 2019, the Moran’s I index of carbon emissions in 30 provinces is significantly greater than 0, and the standardized test value Z is positive and almost all of them are greater than 1.96. This shows that during the sample period, the global Moran’s index of carbon emissions in 30 provinces in China shows significant positive spatial correlation, and the spatial distribution of carbon emissions in China shows spatial agglomeration characteristics, with the possibility of spatial spillover. That is to say, the carbon emissions in this region will have a great impact on the carbon emissions in other regions. Therefore, when studying the effect of carbon trading market development on regional emission reduction, it is very necessary to consider spatial heterogeneity, and the selection of spatial econometric models can make the research results more reasonable and accurate.
TABLE 3 | Global autocorrelated Moran’s I index of carbon emissions.
[image: Table 3][image: Figure 2]FIGURE 2 | Global autocorrelated Moran’s I index of carbon emissions.
4.1.2 Local Moran scatter plot
The global Moreland index can only reflect that China’s regional carbon emissions are spatially positively correlated on a global scale, but the local spatial characteristics are not shown. Therefore, we further use the local Moreland scatter plot to test the local spatial correlation of regional carbon emissions, and draws the Moreland scatter plot from three time nodes in 2006, 2013, and 2019. Seeing Figures 3–5, the horizontal coordinate represents the carbon emission in the current year, and the vertical coordinate represents the carbon emission weighted by the geospatial weight matrix, that is, the spatial lag term of carbon emission. In the first and third quadrants, high values and high values, low values and low values are clustered, reflecting the spatial dependence. In the second and fourth quadrants, low values and high values, high values and low values are aggregated, reflecting the spatial dispersion. It can be seen that most provinces and cities are clustered in one or three quadrants, which also partially confirms the spatial aggregation effect of carbon emissions. From the perspective of development trend, from 2005 to 2013 and then to 2019, all provinces gradually shifted to the third quadrant, which indicates that more and more provinces’ carbon emissions gradually decreased. And more importantly, carbon emissions gradually tended to decrease.
[image: Figure 3]FIGURE 3 | Local Moran scatter plot of regional carbon emissions in China in 2006.
[image: Figure 4]FIGURE 4 | Local Moran scatter plot of regional carbon emissions in China in 2013.
[image: Figure 5]FIGURE 5 | Local Moran scatter plot of regional carbon emissions in China in 2019.
4.2 Analysis of results of spatial econometric model
4.2.1 Baseline regression (SDID) analysis
In order to be precise and accurate, SAR-DID, SEM-DID and SDM-DID models were used respectively for regression. According to the regression results, the coefficients of spatial lag terms of both SAR-DID model and SDM-DID model are significantly positive, indicating that the development of carbon emission trading market has policy spillover and diffusion effects on regional carbon emissions. The coefficients of [image: image], the core explanatory variables of the three models are significantly negative at the level of 1%, indicating that with the increase of carbon emission trading volume, carbon emissions decrease. That is, the development of carbon trading market effectively promotes the emission reduction in the region. In addition, LM test and Robust LM test are both significant, and SDM-DID model is the most appropriate choice at this time.
Columns (3), (6) and (9) in Table 4 list the regression results of SDM-DID model based on three spatial weight matrices. Among them, the coefficients of [image: image], the core explanatory variables are significantly negative at the level of 1%, indicating that with the increase of carbon emission trading volume in the pilot area, the emission reduction effect has been achieved in the region. The spatial lag coefficient [image: image] of the explained variable [image: image] are significantly positive, indicating that carbon emissions have a transboundary conduction effect. The reduction of carbon emissions in the pilot area will significantly promote the reduction of carbon emissions in neighboring areas. The spatial lag coefficients of [image: image], the core explanatory variables are all significantly negative at the level of 1%, indicating that the increase in the trading volume of carbon emission rights in the pilot region significantly reduces the carbon emissions of neighboring regions. It indicates that the development of carbon trading market between neighboring regions can form a spatial spillover effect, and the development of carbon trading market can drive carbon emission reduction in neighboring regions.
TABLE 4 | Regression results of spatial double difference model.
[image: Table 4]4.2.2 Decomposition of spatial spillover effect
According to formula 7 of the partial differential equation, the regression coefficient can be decomposed into direct effect, indirect effect and total effect. The indirect effect is the spatial spillover effect, and the specific calculation results are shown in Table 4. As can be seen from the table, in the SDM-DID regression based on geographic matrix, the direct effect of carbon emission rights trading market is −0.0126 and the spatial spillover effect is −0.0200. In the SDM-DID regression based on economic matrix, the direct effect of carbon emission rights trading market is −0.0121 and the spatial spillover effect is −0.0192. In the SDM-DID regression based on the spatial weight matrix of the new economic distance, the direct effect of the carbon emission right trading market is −0.0127, and the spatial spillover effect is −0.0206, both of which are significant at the 1% level. It indicates that the increase of carbon emission right trading volume has an emission reduction effect on the pilot provinces, and also has an emission reduction effect on the neighboring provinces.
4.3 Robustness test
In order to verify the robustness of the benchmark regression results in this chapter, the accuracy of key conclusions is ensured as much as possible. In this section, methods such as replacing core explanatory variables, adding control variables, and eliminating policy years will be adopted in order to eliminate the possibility that these factors lead to inaccurate baseline regression results.
4.3.1 Change the core explanatory variable
The logarithm and time dummy variable ([image: image]) of carbon trading volume in the pilot region is used as the core variable for benchmark spatial regression. In order to test the stability of the model, the logarithm of the carbon trading volume in the pilot areas and the time dummy variable [image: image] is used as the core variable. The regression results are shown in Table 5. It can be seen that based on the three spatial weight matrices, the coefficients of [image: image] are significantly negative at the level of 1%, indicating that the increase in the trading volume of carbon emission rights in the pilot area has an emission reduction effect in the region. The spatial lag coefficient [image: image] of the explained variable [image: image] are significantly positive at the level of 1%, and both the direct effect and the spatial spillover are significantly negative at the level of 1%. It shows that the increase in carbon emissions trading volume has an emission reduction effect on the pilot provinces and also on the neighboring provinces. There is no substantial change from the baseline SDM-DID results, so the regression results are robust.
TABLE 5 | Regression results of SDM-DID with changing core variables.
[image: Table 5]4.3.2 Increase control variables
In view of the large differences in various aspects in different regions, we add two control variables, namely the number of scientific research employees ([image: image]) and foreign direct investment ([image: image]), to carry out regression on the basis of the original control variables. The regression results are shown in Table 6. It can be seen that, based on the three spatial weight matrices, the coefficients of [image: image] are all significantly negative at the level of 1%. The spatial lag coefficient [image: image] of the explained variable [image: image] are significantly positive at the level of 1%, and the direct effect and spatial spillover effect are significantly negative at the level of 1%. There is no substantial change compared with the benchmark SDM-DID results, so the regression results are robust.
TABLE 6 | Regression results of SDM-DID with added control variables.
[image: Table 6]4.3.3 Excluded policy year
In order to eliminate the possible measurement error, the policy implementation year 2013 is eliminated from the sample research interval. The regression results are shown in Table 7 after excluding the samples in 2013. Based on the three spatial weight matrices, the coefficients of [image: image] are significantly negative at the level of 1%, the spatial lag coefficient [image: image] of the explained variable [image: image] are significantly positive at the level of 1%, and the direct effect and spatial spillover effect are significantly negative at the level of 1%. It has no substantial change compared with the benchmark SDM-DID results. Therefore, the regression results are robust.
TABLE 7 | Regression results of SDM-DID model excluding policy years.
[image: Table 7]4.4 The development of carbon trading market promotes the transmission path of carbon emission reduction
In order to further explore the transmission mechanism and spatial characteristics of carbon trading pilot emission reduction, we use the general spatial Dubin model as the benchmark regression model to study the transmission mechanism, and adopts the geographical distance matrix for regression. The regression results are shown in Table 8.
(1) Energy structure. The coefficient of the core explanatory variable is significantly negative at the level of 1%, indicating that the increase in the trading volume of carbon emission rights promotes the clean transformation of the energy structure. The spatial lag coefficient of the explained variables is significantly negative at the level of 5%, indicating that there is a cross-border conduction effect of the energy structure, and the clean transformation of the energy structure in the pilot region will significantly promote the clean transformation of the energy structure in neighboring regions. The direct effect is −0.0283, and the spatial spillover effect is −0.0339, both at the level of 1%, which indicates that the increase of carbon emission trading volume promotes the clean transformation of energy structure in the region and in neighboring regions.
TABLE 8 | Conduction mechanism test.
[image: Table 8]China’s energy consumption structure is dominated by coal, and coal combustion is the main source of carbon emissions. With the reduction of coal consumption, the energy structure has gradually changed to a cleaner direction, and the carbon dioxide released under the premise of the total energy consumption remains unchanged. Therefore, the improvement of the development level of carbon trading can promote the emission reduction in neighboring areas by promoting the clean transformation of the energy structure.
(2) Technology absorption capacity. The coefficient of the core explanatory variable is significantly positive at the 1% level, indicating that the increase in the volume of carbon emissions trading improves technological absorptive capacity. The spatial lag coefficient of the explanatory variables is significantly positive, indicating that there is a cross-border transmission effect of scientific research talent, and the number of scientific research talent in the pilot region will increase significantly in neighboring regions. The direct effect is 0.378 and the spatial spillover effect is 0.575, which are both significant at the 1% level, indicating that the increase in the volume of carbon emissions trading improves the technology absorption capacity in the region and neighboring regions.
(3) Technological progress. The coefficient of the core explanatory variable is significantly positive at the level of 1%, indicating that the increase in the trading volume of carbon emission rights promotes technological progress. The spatial lag coefficient of the explained variables is significantly positive, indicating that there is a cross-border conduction effect of scientific research talents, and the number of scientific research talents in the pilot area will significantly increase in the adjacent area. The direct effect is 0.0231, and the spatial spillover effect is 0.0367, both of which are significant at the level of 1%, indicating that the increase of carbon emission trading volume promotes the technological progress of both the local and neighboring regions. Technological advances allow companies to use energy more efficiently, thus releasing less carbon dioxide during normal production activities. Therefore, the improvement of the development level of carbon trading can promote the emission reduction of neighboring areas by promoting the technological progress of neighboring areas.
In the previous studies on the emission reduction effect of carbon trading policy, most scholars only came to the conclusion that carbon trading policy can significantly promote carbon emission reduction in pilot areas (Liu et al., 2022; Zhang et al., 2023). At present, a few scholars only come to the conclusion that there is spatial spillover effect of carbon emission reduction in carbon trading to drive carbon emission reduction in neighboring areas, but the research on specific transmission mechanism is still lacking (Du, 2023; Yang and Ding, 2023; Yuan, 2023). The empirical results show that the implementation of the pilot policy of carbon emissions trading has significantly promoted the carbon emission reduction in the pilot areas. China’s regional carbon emissions have a significant spatial spillover effect. The carbon emissions trading market promotes the carbon emission reduction in neighboring areas by promoting the clean transformation of energy structure in neighboring areas, improving technology absorption capacity and promoting technological progress.
5.CONCLUSIONS AND POLICY IMPLICATIONS
5.1 Conclusions
China gradually launched a pilot carbon trading program in 2013, and officially launched a national carbon trading market in July 2021. Exploring the impact of the development of carbon trading market on China’s regional carbon emissions and its action path can provide basis for improving the construction of carbon trading market and promoting regional carbon emission reduction. This paper firstly introduces the development status of China’s carbon trading market and the emission reduction effect of each region, and theoretically expounds the influence mechanism and spatial spillover path of the development of carbon trading market on regional carbon emissions. Then, using the data of 30 provinces in China from 2006 to 2019, the spatial difference in difference model (SDM-DID) was constructed to conduct an empirical analysis of the spatial spillover effect of carbon trading market development on regional emission reduction. The results are as follows:
First, from the viewpoint of spatial spillover effect, China’s regional carbon emissions have a significant spatial spillover effect, and carbon emissions trading has a spatial spillover effect. That is, the development of the carbon trading market can not only promote the emission reduction of the pilot region, but also significantly promote the carbon emission reduction of the neighboring regions.
Secondly, from the perspective of spatial spillover mechanism, the development of carbon trading market promotes the carbon emission reduction in neighboring regions by promoting the clean transformation of regional energy structure, improving technology absorption capacity and technological progress. First of all, the increase in the trading volume of carbon emission rights in the pilot areas not only promotes the clean transformation of the local energy structure but also promotes the clean transformation of the energy structure in the neighboring areas, thus promoting the carbon emission reduction in the surrounding areas. Next, the increase in the trading volume of carbon emission rights in the pilot areas not only improves the technology absorption capacity of the local area but also improves the technology absorption capacity of the neighboring areas. The high-quality talent reserve provides intellectual support and talent guarantee for carbon trading and the realization of carbon sect in other areas, thus promoting the carbon emission reduction in the surrounding areas. Finally, the increase in the trading volume of carbon emission permits in the pilot region promotes technological progress in both the region and the neighboring region. Technological progress improves the energy utilization efficiency of enterprises, thus promoting carbon emission reduction in surrounding areas, providing theoretical support for the realization of interregional carbon trading market connectivity and the development of low-carbon technology innovation cooperation.
5.2 Policy implications
Based on the above research conclusions, the following policy implications can be drawn: First, from the perspective of carbon market construction, the construction and improvement of national unified carbon trading market should be accelerated. The implementation of the pilot carbon emission trading policy can significantly promote the emission reduction in the pilot areas and achieve the goal at the beginning of the implementation of the policy. Therefore, the construction and development of the carbon trading market should be firmly supported. Second, from the perspective of carbon emission reduction, more enterprises should be encouraged to participate in carbon emission trading. Due to the spatial spillover effect of carbon emission trading, and with the growth of carbon emission trading volume and trading volume, it can not only promote the emission reduction in pilot areas, but also significantly promote the carbon emission reduction in surrounding areas. Therefore, it is suggested to gradually expand the scope of emission control enterprises and promote the growth of carbon trading scale, so as to promote the realization of carbon emission reduction in various regions. Third, from the perspective of energy structure, we should vigorously promote the clean transformation of energy structure. Clean energy can be developed selectively according to the situation of different regions. For example, solar energy can be developed in areas with long sunshine time, wind energy can be developed in areas with strong wind power, and hydropower can be developed in coastal cities, so as to reduce the use of fossil energy (such as coal, etc.) with high unit carbon emissions and promote carbon emission reduction. Fourth, from the perspective of technological progress, investment in research and development should be increased to promote technological research and development of enterprises and low-carbon technological innovation. Low-carbon technology innovation is the most effective solution for enterprises to achieve carbon emission reduction. The government can also encourage technological innovation by giving incentives to enterprises that develop new technologies. Finally, from the perspective of interregional cooperation, we should pay attention to the joint governance of interregional carbon emissions and realize the coordinated emission reduction between regions. China’s regional carbon emissions have a significant spatial spillover effect in space. Provincial governments should formulate carbon emission reduction policies according to local conditions, give full play to the policy incentive role, and promote carbon emission reduction in their own provinces and neighboring regions.
5.3 Limitations and future prospects

(1) There are many factors affecting carbon emissions. Referring to previous literature and considering the availability of data, we only select four control variables. And there may still be variables affecting carbon emissions that have not been taken into account, which will be perfected in the subsequent research to make the results of the paper more convincing.
(2) Restricted by the availability of data, the data used in this paper is only up to 2019, and the subsequent research will continue to update the data and continue to study the carbon emission reduction effect of the carbon trading market.
(3) This paper mainly studies the spatial spillover effect of the carbon trading market on regional emission reduction, and will conduct further research on regulation analysis and comparative analysis to make the study more comprehensive.
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