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Abstract

:

After the official launch of China’s unified carbon market, the potential for carbon emission reduction is huge. The pilot regional markets urgently need to be connected with the national carbon market to form a regional synergy and linkage mechanism and further promote the development of a unified carbon market. Spillover effects can be used to analyze the interaction between multiple markets. In this context, this study focuses on the overall spillover relationship among regional carbon trading markets. Using the VAR-GARCH-BEKK model and social network analysis (SNA), this study empirically analyzes the mean spillover effect and volatility spillover effect of regional carbon markets, and it establishes a spillover network between markets. The results show that the spillover effect of China’s regional carbon markets is widespread. Among them, the mean spillover effect is weak, and the impact period is short;. The volatility spillover effect is strong and has various directions; the spillover network connection between regional carbon markets is strong, but the spillover intensity is weak. Spillover effects will spread to the overall carbon market through information spillover paths and risk spillover paths. The stronger spillover effect and the stronger linkage between markets can bring more resource integration and unified supervision. Finally, we put forward policy recommendations, such as improving the carbon market mechanism and enhancing the maturity of carbon market development, increasing the participation and activity of the carbon market to encourage more participants to join the carbon market, improving the institutional system of the carbon market, and effectively supervising the process of information and risk spillover between carbon markets.
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1. Introduction


In recent years, the climate issue has become a key social issue of common concern around the world. Countries have reached a consensus on the need to actively respond to climate change and jointly explore a low-carbon development path. The carbon market is a powerful starting point and an important measure [1,2]. The global carbon market has shown good market resilience under the economic impact brought by the COVID-19 pandemic. Although economic development has slowed, the carbon market’s operation process for green and low-carbon development has steadily advanced.



As the largest developing country and the country with the largest carbon emissions [3,4], China is also the market with the most potential for carbon emission reduction [5]. China’s carbon pilot market is an emerging and fragmented market [6]. If perceived as successful, it could serve as a model for other countries wishing to implement an ETS [7]. On 15 July 2021, the national unified carbon market was officially launched. The ETS includes the seven official pilot ETS programs as well as a range of sectoral climate and industrial policies. Several research studies have mentioned that carbon footprint assessment is also important for carbon reduction, which has been focused on the Czech Republic [8]. China’s ETS is essentially a tradable performance standard (TPS); it targets reductions in the CO2 intensity of economic activity rather than total CO2 emissions [9].Example sources of voluntary emission reductions include the development of domestic renewable energy, forest carbon sinks, methane utilization, and other domestic projects. The ETS is expected to support China’s goals of reaching its CO2 emissions goal by 2030 and achieving carbon neutrality by 2060 [10].



However, the current pilot region markets include price volatility and increased risk. The trading mechanism and management system of these carbon markets lack regional coordination and a linkage mechanism that can connect with the national carbon market. Therefore, it is of great significance to fully exploit the role of the regional carbon markets, integrate market resources, effectively utilize the overall spillover relationship between markets, and promote the coordinated development of the regional carbon markets and the national unified carbon market.



In order to explore the transformation of China’s carbon market from pilot markets to a national market and explore the best practices for developing the national carbon market, we took the six most active and representative pilot markets as research objects to analyze the spillover effects between carbon markets and explore the overall spillover network. We draw from the development and linkage experiences of these pilot markets and put forward constructive suggestions for the development of the national carbon market.



We assume that the spillover effect relationship between regional carbon markets can provide an effective reference for the development and construction of a national unified carbon market and can steadily promote the coordinated development of other regional carbon markets. To prove this hypothesis, this study is arranged as follows. After the introduction, Section 2 sorts out the core literature and explores the key points of research and innovation. Section 3 introduces the VAR-GARH-BEKK and social network analysis model in detail. Section 4 presents the research results, including mean spillovers, volatility spillovers, and social network analysis. Section 5 discusses the policy implications, and Section 6 draws the research conclusions.




2. Literature Review


Carbon emission rights and carbon allowances are new financial tools [11,12], and the carbon market is an important policy tool [13]. The spillover effects from the energy and financial markets are also becoming increasingly prominent [14]. With the global consensus on carbon emission reduction, the relationships between the carbon markets and conventional financial markets have been extensively studied [15]. In addition, economic events and policy changes can alter the structure of the dynamic linkage mechanism between the carbon market and other markets [16]. Carbon intensity in energy has the greatest impact on greenhouse gas emissions and air pollution [17]. Clean energy dominates all other markets [18]. Combustible renewable energy can be an effective instrument to confirm sustainable development and reduce CO2 emissions in developing countries [19]. One study found a significant positive effect of combustible energy and waste consumption and a negative impact of CO2 emissions on per capita Gross Domestic Product (GDP) [20]. Due to the uncertainty of energy markets [21], the time-varying spillover effects of different carbon markets and energy markets also have regional heterogeneity [22,23]. The power industry is an important element in the construction of China’s carbon emission trading system [24], and electricity demand plays a vital role in the spillover channel of heterogeneous information [25]. However, during crises, stock market uncertainty shows greater power than crude oil market uncertainty in transferring risk to the carbon market [26], and the green bond index remains the best hedging tool for carbon futures [27,28].



China’s carbon market is still in the early stage of construction; the development of regional carbon markets is unbalanced and insufficient. There are many obstacles to the coordinated development of the regional carbon markets [29]. The dual effects of the internal mechanism of the carbon market and the external environment lead to price fluctuations [30], which, in turn, lead to spillover relationships between markets [31]. Among them, the spillover fluctuation caused by the defects in the internal mechanism of China’s carbon market is more significant than that of the external environment, such as the energy market and the financial market. The overall linkage of spillover effects between China’s carbon markets is not strong [32]. The status quo of unbalanced economic development among regions and significant differences in low-carbon development levels pose challenges regarding how to promote balanced regional development under carbon trading conditions. By optimizing the design of allocation plans, one can promote the coordinated and balanced development of China’s reginal carbon markets [33], promote the connectivity of regional carbon trading and the coordination of carbon emissions prices, and effectively speed up the construction process of a unified national carbon market [34].



In the early stage of the construction of the national carbon market, it is worth considering how to effectively use the spillover relationship between markets to promote coordinated regional development. While building a national carbon trading system, in addition to strengthening the identification, control, and supervision of carbon market risks [35,36], it is also necessary to fully learn from the international carbon market [37] and China’s carbon trading pilots [38,39,40]. There are volatility spillovers in China’s carbon emissions trading pilots, but their extent is relatively low, while some characteristics of spillover effects are still worth exploring [41]. The trading price data of China’s carbon market are characterized by sharp peaks and thick tails, multi-fractality, and other characteristics [42]. The price fluctuations are not cyclical, the fluctuation range is large, and the volatility performance is poor [43]; the carbon price is mainly affected by its own historical prices [44]. There are large regional differences in trading activity, trading volume, and prices [45], among which the Hubei carbon market is relatively mature [46], and the yield fluctuations are stable [47]. Taking the rate of return as the research object, it is found that the volatility spillover effect of each carbon market is significantly asymmetric and highly correlated [48]. There is a significant two-way nonlinear Granger causality between markets [49]. There are different degrees of volatility spillover effects between every two carbon markets [50], and the yield and volatility spillover indices are time-variant, volatile, uncertain, and cyclical [51].



Scholars’ research on carbon market spillovers mostly focuses on external markets and environmental impacts, such as energy markets, financial markets, and international environments and policies. The research is relatively extensive and mature. However, the internal mechanism of the carbon market has a greater impact on the fluctuation of the spillover effect, and there are few studies on the spillover effect among the overall carbon market in China. As a tool to study the interaction relationship, social network analysis is interrelated with spillover effects. Few scholars have applied this method to the study of spillover effects. Therefore, on the basis of many studies and combined with social network analysis (SNA), we applied the VAR-GARCH-BEKK model to analyze the overall role relationship, linkage transmission mechanism, and spillover effect mechanism of China’s carbon market to solve the problem of market segmentation.



We aim to effectively integrate market resources, improve carbon market trading mechanisms and system construction, and promote the coordinated development of regional carbon markets and the national carbon market. We combined the six-element VAR-GARCH-BEKK model [42] with a social network to measure the spillover effect between carbon markets. From a pairwise relationship to a holistic relationship, independently operated carbon markets are woven into the network as nodes. We took the spillover effect empirical test results as the data source and the basis for social network analysis to clarify the price transmission mechanism and integration of markets. Starting from the characteristics of time series data, the empirical methods are progressively linked. Through regional coordination of carbon markets, we provide more referential experience for the construction of a national unified carbon market that will ensure reasonable carbon market prices.




3. Methods and Data


3.1. Model


The carbon market spillover effects are divided into mean spillover effects and volatility spillover effects. The mean value spillover effect means that the transaction price or income of the carbon market is not only affected by its own previous price factors and rate of return, but also the historical transaction statuses of other carbon trading markets. Generally, the VAR model is used to measure the mean spillover, and the VAR coefficient is used to reflect the inter-market interaction at the mean level. The carbon market volatility spillover effect refers to the transfer of fluctuations between carbon trading markets, and the volatility of one carbon trading market affects other trading markets. GARCH is generally used to measure the level of inter-market interaction at the level of volatility.



3.1.1. VAR-GARCH-BEKK


Sims proposed the vector autoregressive model (VAR model for short) in 1980 [52]. The VAR model is essentially the simultaneous form of the autoregressive model. All the explanatory variables in the model are the lag terms of each variable, and they are included in other variables in the equation to analyze the linkage effect among multiple variables. The VAR model with n variables in lag period k is expressed as follows:


    Y  t  =   C  t  +   ∑  t − 1  k     w  i      Y   t − i   +   ε  t   



(1)




where     Y  t    represents an n-dimensional endogenous column vector,     C  t    represents an n-dimensional constant column vector;     w  i    is an   n × n   parameter matrix, and     ε  t    is an n-dimensional random perturbation column vector, where each element is non-autocorrelated.



In order to reduce the fluctuation in time series data and eliminate heteroscedasticity, we perform first-order logarithmic differencing on the daily closing price and obtain the return rate of the carbon market as an empirical test sample, which is expressed as follows:


    R   i , t   = 100 × l n  (      P   i , t    /    P   i , t − 1      )   



(2)




where  i  represents the abbreviation code of the city name of each carbon trading market—for example, the Shenzhen carbon market (SZ);     R   i , t     represents the rate of return of market  i  on day  t ; and     P   i , t     is the corresponding price. In our case, we establish a multivariate VAR model with the return rate     R   i , t     of the carbon market as a variable, and the simultaneous equations are expressed as follows:


   {     R  1 t   =  c  10   +   ∑  i = 1  k    σ  1 i    R  1 ,  t − i      +   ∑  i = 1  k    γ  1 i    R  2 , t − i     +   ∑  i = 1  k    β  1 i    R  3 , t − i     +   ∑  i = 1  k    α  1 i    R  4 , t − i     +   ∑  i = 1  k    θ  1 i    R  5 , t − i         +   ∑  i = 1  k    μ  1 i    R  6 , t − i     +  ε  1 t       ⋮      R  6 t   =  c  60   +   ∑  i = 1  k    σ  6 i    R  1 ,  t − i      +   ∑  i = 1  k    γ  6 i    R  2 , t − i     +   ∑  i = 1  k    β  6 i    R  3 , t − i     +   ∑  i = 1  k    α  6 i    R  4 , t − i     +   ∑  i = 1  k    θ  6 i    R  5 , t − i         +   ∑  i = 1  k    μ  6 i    R  6 , t − i     +  ε  6 t        



(3)




where     R   i , t     represents the return rate sequence of each carbon market;     C  i    represents an n-dimensional constant column vector;    σ i   ,    γ i   ,    β i   ,    α i   ,    θ i    represent   n × n   parameter matrices; and    ε  i t     is an n-dimensional random perturbation column vector, where each element is non-autocorrelated.



In the multivariate GARCH model, the contemporaneous shocks of variables are correlated with each other, and the consideration of volatility diffusion is the main advantage of the GARCH model. BEKK is a representation of a class of vector GARCH models with fewer parameters to ensure the positive definiteness of    H t   . Its specific expression is as follows:


   H t  = C  C ’  +   ∑  i = 1  q    A i ’   ε  t − i      ε  t − i  ’   A i   +   ∑  i = 1  p    B i ’   H  t − 1      B i    



(4)




where  C  is an  N -dimensional lower triangular matrix, and    A i     and    B i     represent   N × N   parameter matrices. We take the transaction data of China’s regional carbon markets as the time series. So, we need to establish a multivariate GARCH-BEKK model. Due to space limitations, we take the binary model as an example, and set


   H t  =  (       h  11 , t        h  12 , t          h  21 , t        h  22 , t        )          ,    C =  (       c  11      0       c  21        c  22        )          ,    A =  (       α  11        α  12          α  21        α  22        )          ,    B =  (       b  11        b  12          b  21        b  22        )   











Equation (4) can then be expressed as follows:


   {     h  11 , t     =  c  11  2  +  α  11  2   ε  1 , t − 1  2  + 2  α  11    α  21    ε  1 , t − 1    ε  2 , t − 1   +  α  21  2   ε  2 , t − 1  2          +  b  11  2   h  11 , t − 1   + 2  b  11    b  21    h  12 , t − 1   +  b  21  2   h  22 , t − 1        h  12 , t     =  h  21 , t   =  c  11     c  21   +  α  11     α  12    ε  1 , t − 1  2  +  b  21     b  22     h  22 , t − 1           +  (   α  12    α  21   +  α  11    α  22    )   ε  1 , t − 1    ε  2 , t − 1   +  α  21     α  22    ε  2 , t − 1  2          +  b  11     b  12    h  11 , t − 1   +  (   b  11    b  22   +  b  12    b  21    )   h  12 , t − 1        h  22 , t     =  c  21  2  +  c  22  2  +  α  12  2   ε  1 , t − 1  2  + 2  α  12    α  22    ε  1 , t − 1    ε  2 , t − 1   +  α  22  2   ε  2 , t − 1  2          +  b  12  2   h  11 , t − 1   + 2  b  12    b  22    h  12 , t − 1   +  b  22  2   h  22 , t − 1        



(5)




where    h  ii , t     represents the volatility spillover between each carbon market and itself,    h  ij , t     represents the mutual volatility spillover between carbon markets,    h  ii , t − 1     and    h  ij , t − 1     represent these fluctuation effects for the market lag period, respectively, and    ε  i , t − 1     represents a series of carbon market returns.




3.1.2. Social Network Analysis


Social Network Analysis (SNA) is a sociological research method used to analyze the relationship between social actors [53] and the network structure and to study the impact of the group structure on group functions or individuals within groups [54]. Instead of emphasizing the study of individual attributes, it focuses on the social network relationship between individuals and regards the relationship as a basic statistical processing unit, rather than regarding an individual as an independent statistical unit [55]. It uses the centrality measure and the concept of structural equivalence to test network visualization or identify the locations of nodes in the network [56], among which the most widely used measures are density and centrality.



Network construction is performed on the fluctuating spillover relationship, and the network is converted into a simplified form of edges and nodes. Drawing on the method of defining the degree of volatility spillover in previous research results [57], we define the volatility spillover coefficient according to Equation (6) as


     S pill    ij   =  |    a   ij    |  +  |    b   ij    |                     (  i ≠ j  )       



(6)




where      S pill    ij     represents the volatility spillover coefficient of variable  i  to variable  j , and Equation (6) is valid if, and only if, the volatility spillover coefficients     a   ij     and     b   ij     are significant at the same time; otherwise, the volatility spillover coefficient is 0.





3.2. Data Processing


3.2.1. Data Source


We specify that the source of the data is the daily closing price of each carbon market in the WIND database. That is to say, the closing price is the original sample. All the data we study and apply are time series data.



Since there are many data vacancies in the Fujian carbon emission trading market and the Chongqing carbon emission trading center, we excluded them from the research objects based on the consideration of rigor and then selected the daily carbon trading markets of Hubei, Guangdong, Beijing, Shanghai, Tianjin, and Shenzhen. The sample interval started from 28 April 2014 (the starting date of the public data of the Hubei carbon trading market) and continued to 29 October 2021.



Excluding non-trading days, a total of 1827 sets of data are obtained. The details of data collection are shown in Table 1. Among them, when the trading volume of an individual carbon trading market on a certain trading day is 0, the closing price of the market is set to be equal to the closing price of the previous trading day. By performing a simple calculation of the daily trading price, we obtain the rate of return of each research subject, which is also the experimental data for time series measurement operations. We differentiate yields to analyze yield fluctuations across carbon markets.




3.2.2. Data Processing


We used EViews software to test the lag order of variables from 0 to 6 phases successively. According to the minimum value principle of information criterion, the fifth order was finally determined as the optimal order. The VAR(5) model was established for each carbon market yield series, and the non-autocorrelation and stationarity of its residuals were tested. If the VAR model is covariance stationary, the roots of all the eigenvalues of the characteristic equation are in the unit circle. The unit circle image obtained by the stationarity test of VAR(5) results is shown in Figure 1. All feature roots are in the central part of the unit circle. Therefore, VAR(5) established in this paper is stable, and its results are effective for subsequent applications.



After continuing to use EViews software to conduct subsequent stationarity tests and Granger causality analysis of the data, we used MATLAB software to conduct empirical analysis of ARCH and GARCH-BEKK. Finally, the obtained data results will be imported into Gephi software for social network drawing and analysis. Specific results will be analyzed in detail in the next section.



Our overall idea of the data is based on the time series data, using the empirical test results of spillover effects as the data source and analysis basis of social network analysis to measure the overall spillover relationship of the carbon market spillover effect. First, the ADF test is carried out on the return series to prove its stationarity. Second, the six-variable VAR-GARCH-BEKK volatility spillover model is constructed, and the BEKK test is carried out on the residual sequence obtained by the VAR model. Finally, the individual node data in the carbon market are the data source of the social network analysis to map the overall network relationship.






4. Results


4.1. Descriptive Statistics


The average returns of the three carbon markets in Shanghai, Beijing, and Hubei are positive, indicating that there are positive returns in the three carbon markets above the sample period, while the remaining three carbon markets have negative returns. The standard deviation of the Shenzhen carbon market and Guangdong carbon market is significantly higher than that of the other four. Combined with the mean value of negative returns, it can be seen that the Shenzhen and Guangdong carbon markets have the characteristics of strong carbon price volatility and high transaction risk. The Tianjin and Hubei carbon markets’ standard deviations are significantly lower than those of the other four, reflecting their high-yield and low-risk trading characteristics. Comprehensive analysis of skewness, kurtosis, and the JB value show that the returns of the six carbon markets all have the characteristics of “tip and thick tail”, volatility aggregation, and non-normal distribution. The ADF test results show that the six markets are stable at the 1% significance level, and there is no unit root; thus, they can be used for further empirical testing. The data are shown in Table 2.




4.2. Research on the Mean Spillover Effect


Mean spillover refers to the degree to which a market responds to the historical values of other markets. With the improvement of market effectiveness, the reception and processing of public information in each market become gradually consistent, the response of price fluctuations to information is strengthened, and the fluctuation law of historical values of transaction prices in each market can also be reflected in the entire market. At this time, the degree of effect is gradually increasing [58].



The test of the mean spillover effect mainly relies on the VAR model. Through Granger causal analysis and other applications, we analyzed the relationship and characteristics of the mean spillover effect between markets and the causes of the relationship. If the two variables are Granger reasons for each other, it means that there is a mutual influence relationship between the two variables. From Table 3, it can be seen that the one-way mean spillover effect is relatively obvious, and the two-way mean spillover effect only exists between the Tianjin and Hubei carbon markets. The average spillover effect among the return series of various carbon trading markets is weak, and the impact period is short, but the impact degree has an upward trend with the increase in the lag period.



China’s carbon trading pilot markets have been operating independently since their establishment. Each market has formulated trading rules and established a regulatory system according to its own regional characteristics and development status. There is a large gap in terms of trading status and market maturity, and there is a large difference in effectiveness. In the research range, China’s carbon markets are still in a state of separation, and their development is not yet mature. The national unified carbon market is still in the early stage of construction and development, and the construction of the relevant trading system and supervision system is not yet perfect. Therefore, it is reasonable that there are different degrees of mean spillover effect between markets.




4.3. Research on Volatility Spillover Effects


Vertical variables are ranked as  i , and horizontal variables are ranked as  j . The ARCH effect spillover coefficient     a   ij     and the GARCH effect spillover coefficient     b   ij     are shown in Table 4. The diagonal coefficients of the two parts of A and B are both significant at the 5% confidence level, indicating that the volatility spillover effect between the same markets is significant, and the current status of the carbon market in each region is significantly affected by its own fluctuations in the previous period. This is consistent with the mean spillover effect test. The results obtained by the impulse response and variance decomposition tests are in good agreement. Combining the two-part off-diagonal coefficient analysis, it is found that there is a widespread volatility spillover effect among various market variables.



The one-way spillover relationship and the two-way spillover relationship need further verification via the Wald test. The original hypothesis of the Wald test is (1)    H 0   :     a   ij   =   b   ij   = 0  . If the test result rejects the null hypothesis significantly, this means that there is a relationship between the two variables in the one-way volatility spillover effect. (2)    H 0   :     a   ij   =   b   ij   =   a   ji   =   b   ji   = 0  . If the test result rejects the null hypothesis significantly, this means that there is a two-way volatility spillover effect between the two variables. From the results in Table 5, it can be seen that the test coefficients of both single-term spillovers and two-way spillovers significantly reject the null hypothesis of the Wald test. The Wald test again verifies that the inter-market volatility spillover relationship obtained in the GARCH-BEKK model does exist.



The reasons for the mentioned spillover relationship are related to institutional factors such as the development maturity of each market, the importance attached to the construction of the carbon market, and the regulatory system.



First, markets with more mature development and higher participation have stronger spillover effects on other markets, such as the Hubei carbon market. As the most mature carbon market in the regional carbon markets, the Hubei carbon market has more obvious one-way spillover effects. The Hubei carbon market is open and active, and the participants in emission control include enterprises and individuals. The cumulative transaction volume of the secondary carbon allowance market accounts for approximately one-half of the national total, and the transaction volume exceeds one-half of the national total. Therefore, the Hubei carbon market, as the most mature carbon market among the pilot carbon trading markets, has obvious spillover relationships with other carbon markets. The Shenzhen carbon market is the first carbon trading pilot market established in China. It pays more attention to the coordinated development of the carbon market and has a stronger awareness of carbon market development. Moreover, its developed economy can also obtain more fiscal expenditure to support the development of the carbon market, so the volatility spillover relationship is active. The three carbon markets of “Beijing, Shanghai, and Guangzhou” are located in the economic and political centers, respectively. They have played a good role in promoting the construction and management of carbon markets in terms of coordinated economic development and policy support, and the spillover effect of fluctuations between markets is relatively significant.



Secondly, the regulatory system is not strict, and the carbon market with more obvious price fluctuations is affected by the spillover effects from other carbon markets, such as the Tianjin carbon market. The Tianjin carbon market has a small trading volume, and the participation and compliance rate of emission control entities are both low. The market was once cold. Therefore, the price fluctuation of the Tianjin carbon market is the most obvious. It is not only affected by its own market operation, but, in the overall network of the overall carbon market volatility, when the overall market environment changes, this will also cause significant fluctuations in the transaction price of the Tianjin carbon market.



With the continuous improvement in market maturity and the gradual improvement in policies related to the development of the national carbon market, the objects and intensity of spillover effects between regional carbon markets in China are also changing. The volatility spillover effect relationship between regional carbon markets in China is widespread, which can provide a more reasonable reference for the construction of the national carbon market and then promote the coordinated development of the regional carbon markets and the national carbon market.




4.4. Network Research on Spillover Effects between Markets


With the help of Gephi 0.9.2, the mentioned fluctuation spillover relation is constructed, and the network is converted into a simplified form of edges and nodes. The specific calculation of the fluctuation spillover data is shown in Table 6.



Taking intermediate centrality as the principle of edge building and using “Fruchterman Reingold” as the layout algorithm, we draw a social network, as shown in Figure 2. Compared with other layout algorithms, this layout algorithm follows the principle of “connected nodes are close, but unconnected nodes are mutually exclusive”. The layout principle makes the network results more intuitive and systematic.



Based on the analysis of Table 6 and node characteristics, it can be seen that spillover effects are common among China’s regional carbon trading markets. Each node has different roles in the network regarding spillover effects, but their positions in the network are the same. The social network density of volatility spillover effects is strong, and the correlation is close, but the strength of the spillover effect between nodes is low, the market effectiveness needs to be further strengthened, and the degree of integration needs to be further improved.



The closeness of the economic relationship between the various markets determines the closeness of the carbon market. The linkage cycle between the carbon market, financial enterprises, and the real economy have a mutual influence and close connection. The price fluctuations in the regional carbon market are transmitted by financial institutions and various emission control entities to another regional carbon market, causing their price fluctuations. This is the main transmission channel of the spillover effect in China’s regional carbon market. The construction of the national carbon market takes the power generation industry as the breakthrough point, and it takes the lead in realizing carbon emission rights trading nationwide. In addition, the main types of entities participating in the emission control of the carbon market in various regions include the steel, petrochemical, cement, and chemical industries. Similar industrial structures mean that the industries are more closely related to economic development in the regions in which the carbon markets are located, and they also cause the spillover effect to be transmitted more smoothly. The close linkage effect between Chinese industrial enterprises has promoted the spillover effect between China’s regional carbon markets.



The media of spillover effects in carbon markets are information and risks, and spillover effects are realized by means of the close connection with the real economy. From the perspective of its own mechanism, China’s regional carbon markets are still in a state of parallel development. Although each market has different roles in the context of a unified national carbon market, they all operate under a set of planning and management systems, and their own mechanisms are unavoidable. For example, the participation of the control entity is not high, and the transaction is not active. From the perspective of the role of the external environment, the information received by the carbon market is all homogeneous. The difference in market maturity and the correlation between its market development and the real economy constitute the main basis for information and risk dissemination between markets.



The carbon market spillover effect is under dual pressure from its own market mechanism defects and the role of the external environment. Information and risks are transmitted between the market and emission control entities along the spillover path. The specific action path is shown in Figure 3. Therefore, when subject to the same policy constraints, changes in primary market allocation, changes in other market operations, and price fluctuations, spillover effects will spread to the overall carbon market through information spillover paths and risk spillover paths. The information spillover effect is conducive to improving the market effectiveness and contributing to the coordinated development of the carbon market. Risk spillovers will cause overall fluctuations between markets. For a carbon market with low development maturity, small changes in other markets will cause large fluctuations in the market, which is not conducive to the smooth transition of the regional carbon market to the national carbon market. Risk spillover follows the transmission of information. Although it is inevitable, an effective supervision and early warning system can be formulated to prevent it and resolve it in a timely manner.





5. Discussion


We applied the VAR-GARCH-BEKK model combined with the social network analysis method to explore the spillover effect of China’s regional carbon trading markets. The results show that there are generally mean and fluctuation spillover effects of different directions and intensities in China’s regional carbon markets. The social network analysis results also show that the spillover network connectivity between carbon markets is strong. The stronger the spillover effect of China’s regional carbon markets, the stronger the linkage between markets, and the more conducive it is to resource integration and unified supervision, which can provide a more effective construction experience for the development and supervision of a unified national carbon market. In order to promote the coordinated development of the regional carbon markets and the national carbon market, we propose the following policy recommendations.



First, it is necessary to improve the carbon market mechanism and enhance the maturity of carbon market development. The root cause of both the low spillover intensity and the degree of integration of China’s regional carbon markets lies in the mechanism setting of the carbon market itself. The fact that China’s regional carbon trading markets have always been in a fragmented state since their inception is attributed to the fact that the institutional mechanism construction of the national carbon market itself lags behind. China’s regional carbon markets lack a linkage mechanism. In the process of information transmission, the market maturity is low, and the ability to distinguish valid information is weak. The opaque information leads to information asymmetry between the supply and demand sides, which affects the transmission path of spillover effects and hinders the market. The absence of a tertiary market (derivative market) in the carbon market makes it impossible for carbon market information to be transmitted between the secondary and tertiary markets, which greatly limits the efficiency of the information transmission path and reduces the intensity of spillovers between markets. To this end, it is necessary to improve the carbon market mechanism and enhance the maturity of carbon market development. By including the exchange as the trading platform and link, the market and participating enterprises can be closely linked and cooperate; thus, one can build a market-oriented pricing mechanism to reduce the risk of price fluctuations, strengthen the research and development of financial products and continuously enrich the variety of market transactions, and establish and improve the supporting service system for the development of the carbon market.



Second, it is necessary to encourage as many participants as possible to join the carbon market so as to increase market participation and activity. On the one hand, it is important to gradually relax the scale of carbon emission standards, lower the entry threshold, and expand the scope of carbon emission entities. According to the development level of China’s carbon market, one should gradually reduce the scale of industrial and non-industrial carbon emission standards and clarify the access rules for transportation, financial institutions, and individuals to participate in the carbon market as soon as possible. Moreover, one should actively build a platform for individuals to participate in carbon trading, mobilize their willingness to actively participate in carbon emission reduction, and enhance their risk awareness and ability to participate in carbon trading. On the other hand, expanding the regional coverage will gradually cause the regional carbon market to transition to the national carbon market. This would allow one to fully learn from the mature experience of the regional carbon market and exploit the demonstration role of the carbon trading pilot market in the construction of a national unified carbon market. Combined with the maturity of the carbon market in each region and the local economic development, one can strengthen the multi-party linkage effect of emission control entities, verification agencies, and governments. Focusing on the regional carbon trading market, it is necessary to promote the spread of pilot areas to surrounding pilot areas and non-pilot areas and to strengthen inter-market and inter-regional information spillover, resource integration, and regional cooperation. Thus, one can gradually shorten the low-carbon development gap between regions, in addition to promoting balanced development of the carbon market between regions and the improvement of the national carbon market.



Finally, it is necessary to improve the construction of the carbon market system and effectively supervise the process of information and risk spillover between carbon markets. On the one hand, it is important to strengthen the management of carbon market information disclosure, incorporate the information disclosure system into national legislation, formulate and issue trading management measures and a voluntary emission reduction trading management system as soon as possible, and guide climate change responses in the form of legal provisions. Moreover, one should clarify the specific requirements for the information disclosure time, period, method, scope, and platform of carbon market authorities and trading institutions. At the same time, key emission units and third-party institutions such as emission reduction certification agencies should gradually establish the status of carbon information disclosure subjects. One should establish a multi-disciplinary co-governance supervision system for the specific management and collaborative management of the carbon market [59] and combine the forces of the government, the market, institutions, society, and even individuals to jointly supervise it. On the other hand, adopting the strategy of combining macro-prudential supervision and a micro-monitoring system would serve to reduce the degree and speed of risk diffusion. The object of risk monitoring and early warning is not limited to the risk spillover effect between its own carbon market and the regional carbon market, but it also pays attention to the risk spillover of China’s carbon market from the EU carbon market, the coal and other energy markets, and stocks and other financial markets. One should combine quantitative and qualitative analysis; improve risk monitoring, early warning, and crisis handling systems; identify risk types; track risk sources and spillover directions; and avoid causing systemic risks.




6. Conclusions


As a powerful tool and an important measure for countries around the world to respond to climate change and explore a low-carbon development path, the carbon market has already shown its important impact on carbon emission reduction. As the world’s largest developing country with the largest carbon emissions, China has huge potential to use the carbon market as a policy tool to reduce carbon emissions. Thus far, China’s unified carbon market has been officially launched and is progressing steadily. The pilot regional markets urgently need to be better connected with the national carbon market to form a regional synergy and linkage mechanism and further promote the development of a unified national carbon market. Spillover effects can be used to analyze the interactions between markets and are suitable for the study of regional carbon markets. In this context, this study focused on the overall spillover relationship among regional carbon markets. The VAR-GARCH-BEKK model was used to systematically analyze the spillover effects between regional carbon markets from two aspects: the mean spillover effect and volatility spillover effect. Afterwards, according to the analysis results of spillover effects, social network analysis (SNA) was used to establish a spillover network between markets.



We found that about the spillover effect of China’s regional carbon markets was widespread. Among them, the mean spillover effect has a weak impact intensity and a short impact period, while the volatility spillover effect of different directions and intensities is common among carbon markets. Meanwhile, social network analysis shows that the spillover network connection between China’s carbon markets is strong, but the spillover intensity is weak. These are all related to the actual development level of the carbon market in each region. When a regional market is affected by changes in the operation of other markets and price fluctuations, it will spread to the overall carbon market through information spillover paths and risk spillover paths, according to the results of spillover effects. Consequently, it is of great significance to effectively utilize the overall spillover relationship between markets, integrate market resources, and promote the coordinated development of the regional carbon markets and the national unified carbon market. In response to these research results, the policy suggestions can be put forward as follows: improve the setting of carbon market mechanisms and enhance the maturity of carbon market development; encourage more participants to join the carbon market, thus increasing the participation in and activity of the carbon markets; improve the construction of the carbon market institutional system; and effectively supervise the process of information and risk spillover between carbon markets.



We combined social network analysis (SNA) to analyze the spillover effect of carbon markets, providing new research direction and ideas for the subsequent application of this topic. This research guarantees the authenticity and validity of the empirical analysis results of the spillover effect and adds methodological support to the theoretical research of carbon markets. From a practical perspective, the analysis of the overall spillover relationship of carbon markets is helpful to promote the coordinated development of regional carbon markets and the national carbon market. Analyzing the linkage relationship between Chinese carbon markets and finding the spillover path between the markets can help promote the integration of resources while preventing risk transmission and stabilizing the trading price, thus promoting the smooth transition of Chinese regional carbon markets to the national carbon market. However, due to the lack of data in some markets, the overall analysis results are not complete, which is the first major shortcoming of this research. Although the model method can ensure the accuracy of data results, it is not novel, which is the second major regret of this research. Hopefully, they can be remedied in follow-up studies.
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Abbreviations

	
Symbols




	
SZ

	
Shenzhen

	
     Y  t    

	
n-dimensional endogenous column vector




	
BJ

	
Beijing

	
     C  t    

	
n-dimensional constant column vector




	
SH

	
Shanghai

	
     w  i    

	
  n × n   parameter matrix




	
GD

	
Guangdong

	
     ε  t    

	
n-dimensional random perturbation column vector




	
TJ

	
Tianjin

	
  i  

	
abbreviation code of the city name of each carbon trading market




	
HB

	
Hubei

	
     R   i , t     

	
the rate of return of market  i  on day  t 




	
rsz

	
The average returns of Shenzhen carbon market

	
     P   i , t     

	
corresponding price




	
rsh

	
The average returns of Shanghai carbon market

	
     C  i    

	
n-dimensional constant column vector




	
rbj

	
The average returns of Beijing carbon market

	
   σ i   ,   γ i   ,   β i   ,   α i   ,   θ i   

	
  n × n   parameter matrices




	
rgd

	
The average returns of Guangdong carbon market

	
Ht

	
A positive qualitative set of spillovers




	
rtj

	
The average returns of Tianjin carbon market

	
  C  

	
 N -dimensional lower triangular matrix




	
rhb

	
The average returns of Hubei carbon market

	
    A i     

	
  N × N   parameter matrices




	

	
    B i     

	
  N × N   parameter matrices




	
    h  ii , t     

	
volatility spillover between each carbon market and itself




	
    h  ij , t     

	
mutual volatility spillover between carbon markets




	
   h  ii , t − 1    ,   h  ij , t − 1    

	
fluctuation effects for the market lag period




	
    ε  i , t − 1     

	
a series of carbon market returns




	
     S pill  ij    

	
volatility spillover coefficient of variable  i  to variable  j 




	
    a   ij    ,    b   ij    

	
volatility spillover coefficients
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Figure 1. Unit root test of VAR model stability. 






Figure 1. Unit root test of VAR model stability.



[image: Energies 16 00740 g001]







[image: Energies 16 00740 g002 550] 





Figure 2. Volatility spillover network of regional carbon trading markets. Note: The arrow line indicates the spillover relationship between markets, the arrow points indicate the direction of the spillover, and the thickness of the arrow line indicates the strength of the spillover effect. GD means Guangdong carbon trading market, BJ is Beijing carbon trading market, TJ is Tianjin carbon trading market, SH is Shanghai carbon trading market, HB is Hubei, SZ is Shenzhen carbon trading market. 
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Figure 3. The mechanism path diagram of carbon market spillover effects. 
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Table 1. Data sample collection table.






Table 1. Data sample collection table.





	Carbon Market
	Abbreviation Code
	Opening Day
	Sample Interval
	Number of Samples





	Shenzhen
	SZ
	19 June 2013
	2 April 2014 to 29 October 2021
	1827



	Beijing
	BJ
	28 November 2013
	2 April 2014 to 29 October 2021
	1827



	Shanghai
	SH
	19 December 2013
	2 April 2014 to 29 October 2021
	1827



	Guangdong
	GD
	19 December 2013
	2 April 2014 to 29 October 2021
	1827



	Tianjin
	TJ
	26 December 2013
	2 April 2014 to 29 October 2021
	1827



	Hubei
	HB
	2 April 2014
	2 April 2014 to 29 October 2021
	1827







Data source: Statistical arrangement based on sample collection information.
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Table 2. Descriptive statistics of carbon market returns and ADF test results.
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	Variable
	Average Value
	Standard Deviation
	Skewness
	Kurtosis
	JB Value
	ADF Test





	rsz
	−0.123541
	31.36912
	0.397249
	25.73365
	39369.34
	−31.31352 ***



	rsh
	0.001237
	6.108674
	1.746293
	76.65056
	413634.9
	−45.38217 ***



	rbj
	0.005201
	6.474637
	−0.508336
	9.195862
	2999.383
	−44.90281 ***



	rgd
	−0.027468
	17.66717
	−0.463345
	45.03286
	134486.4
	−20.18001 ***



	rtj
	−0.017915
	4.595567
	0.034742
	111.3978
	893985.5
	−47.51752 ***



	rhb
	0.027724
	3.909783
	0.079718
	9.703824
	3421.214
	−36.47516 ***







Note: *** indicates that the variable significantly rejects the null hypothesis at the 1% confidence level.
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Table 3. Granger causality test results between carbon market returns.
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	Market Variables
	rsz
	rsh
	rbj
	rgd
	rtj
	rhb





	rsz
	
	1.0102
	0.3470
	1.9323 *
	2.8091 **
	3.5259 ***



	rsh
	0.4634
	
	1.0300
	2.1775 *
	0.7203
	0.3837



	rbj
	0.8852
	0.8097
	
	1.0963
	0.5633
	1.0385



	rgd
	0.9105
	1.7058
	1.2616
	
	0.1942
	0.3779



	rtj
	0.1795
	9.5647 ***
	2.1685 *
	1.1246
	
	2.7937 **



	rhb
	0.7302
	1.2341
	0.4252
	4.0023 ***
	2.2786 **
	







Note: *, **, *** represent rejection of the null hypothesis “    R  i    is not a Granger cause of     R  j    “ at 10%, 5%, and 1% confidence levels, respectively.
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Table 4. GARCH-BEKK test results for six markets.
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A

	

	
rsz

	
rsh

	
rbj

	
rgd

	
rtj

	
rhb




	
rsz

	
0.2737 ***

	
0.0015

	
−0.0117 ***

	
0.0079

	
0.0055 ***

	
−0.0094 ***




	
rsh

	
0.1589 ***

	
0.4025 ***

	
0.0994 ***

	
−0.0020

	
−0.0081

	
−0.0309 ***




	
rbj

	
0.1756 ***

	
0.0436***

	
0.2634 ***

	
0.3939 ***

	
−0.0015

	
0.0451 ***




	
rgd

	
0.0318

	
0.0011

	
0.0439 ***

	
0.6236 ***

	
−0.0002

	
0.0064




	
rtj

	
0.1997 ***

	
0.3597 ***

	
−0.0101

	
0.0299

	
0.4677 ***

	
−0.0061




	
rhb

	
0.0339

	
0.0291

	
−0.1116 ***

	
0.0781

	
0.0055

	
0.5987 ***




	
B

	

	
rsz

	
rsh

	
rbj

	
rgd

	
rtj

	
rhb




	
rsz

	
0.9638 ***

	
−0.0013

	
−0.0037

	
−0.0007

	
−0.0015 ***

	
0.0037 ***




	
rsh

	
−0.2337 ***

	
0.4696 ***

	
−0.0444 ***

	
−0.0376

	
0.0061

	
−0.0132




	
rbj

	
−0.0734

	
−0.0595 ***

	
−0.9227 ***

	
0.3956 ***

	
0.0288 ***

	
0.0784 ***




	
rgd

	
−0.0402 ***

	
−0.0014

	
0.0578 ***

	
0.7802 ***

	
−0.0021 ***

	
−0.0193 ***




	
rtj

	
−0.0360 ***

	
−0.0876 ***

	
0.1740 ***

	
−0.0550 ***

	
0.9355 ***

	
0.0048




	
rhb

	
0.0354

	
0.0358

	
0.2755 ***

	
0.8291 ***

	
−0.0197 ***

	
0.4114 ***








Note: Part A represents the ARCH effect spillover coefficient of the residual series between markets; B represents the GARCH effect spillover coefficient; the positive and negative signs represent positive spillovers and negative spillovers, respectively; the spillover coefficients of *** represent significant spillover effects between the two markets.
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Table 5. Wald test results.
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One-way spillover

	
Shanghai→Shenzhen 70.5392 ***

	
Tianjin→Shanghai 161.0404 ***




	
Shenzhen→Hubei

17.9050 ***

	
Hubei→Beijing 174.8486 ***




	
Two-way spillover




	
Shenzhen→Tianjin 46.4942 ***

	
Tianjin→Shenzhen

13.4369 ***

	
Shenzhen ⇌Tianjin 58.64784 ***




	
Shanghai→Beijing 94.7533 ***

	
Beijing→Shanghai

10.0796 ***

	
Shanghai ⇌Beijing 105.8683 ***




	
Beijing→Guangdong 477.125 ***

	
Guangdong→Beijing 73.8282 ***

	
Beijing ⇌Guangdong 516.3152 ***








Note: *** indicates that the null hypothesis is significantly rejected at the 1% confidence level.













[image: Table] 





Table 6. Fluctuation spillover intensity of regional carbon markets.
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	rsz
	rsh
	rbj
	rgd
	rtj
	rhb





	rsz
	-
	-
	0.0117
	-
	0.007
	0.0131



	rsh
	0.3926
	-
	0.1438
	-
	-
	0.0309



	rbj
	0.1756
	0.1031
	-
	0.7895
	0.0288
	0.1235



	rgd
	0.0402
	-
	0.1017
	-
	0.0021
	0.0193



	rtj
	0.2357
	0.4473
	0.174
	0.055
	-
	-



	rhb
	-
	-
	0.3871
	0.8291
	0.0197
	-







Data source: Calculated according to Table 4 and Equation (6).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  energies-16-00740


  
    		
      energies-16-00740
    


  




  





media/file0.png





media/file2.png
Inverse Roots of AR Characteristic Polynomial

15

1.0 4

0.5 -

0.0 -

-0.5

1.0 -






media/file5.jpg
Pilot Primary T Tertiary
" ) i
Market ‘ (distrbuted) } Secondany(Spol)——{  (pervatves)
A market : \ Market
g

Information Information+Risk “m
Celeo 1 Ao The Real

Policy Economy
Effect implementation

nformation InformatonsRisk
Pilot N

Primary ) wmain
Market | | (ditributed) | Secondary(Spot) (Derivatives)
8 market L Market






media/file6.png
Pilot
Market

Collec-
tive
Effect

Pilot
Market
B

Primary
(distributed)
market

Information

International
market+
Policy

Infn}matic:n

iImplementation

Prifnary
(distributed)
market

Information
—

Secondary(Spot)
Market

/T —
L1 -'-\.__

Information+Risk

I'l*.'l

Information

The Real
Economy

M

Information+Risk

W

\‘I\

Information
—_—y

Secondary(Spot)
Market

Information+
Risk

if“'a'

Tertiary
(Derivatives)
Market

Financial
market

e
\of‘*?ﬁ;
Tk

Tertiary

(Derivatives)
Market

N






media/file3.jpg





media/file1.jpg
Inverse Roots of AR Characteristic Polynomial

15

1.04

0.5+

0.0 4

-0.54

-1.04






