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Eliminating or reducing ecological risks can help to observably guarantee the national security. In this article constructs a regional ecological risk evaluation framework is constructed on the basis of the Pressure-state-response model from three dimensions: social, environmental and natural dimension, and the quantitative research method is taken to investigate the ecological risks in 30 Chinese provinces from 2006 to 2017. Taking the establishment of a carbon emission trading market as a quasi-natural experiment, the author further explores the impact of market-based environmental policies on regional ecological risks and their heterogeneity, channels of action, and the synergistic effects of government intervention. It is found that: 1) The implementation of market-based environmental policies can improve regional responsiveness to ecological risks and significantly reduce the level of regional ecological risks, meanwhile the research results pass the identification assumptions and robustness tests. 2) The effects of market-based environmental policies are affected by the operational characteristics of market prices, liquidity and relative transaction scale. (iii)There are two essential approaches for market-based environmental policies to reduce regional ecological risks, named industrial structure upgrading and technology development. 4) Moderate government intervention can produce synergistic effects in the process of regional ecological risk reduction by market-based environmental policies, and it is able to maintain intervention produces policy synergistic effects within a temperate condition. In a word, these findings can provide both an important basis for adjusting the implementation scope and operational structure of market-based environmental policies. On the other hand, it can also offer a significant policy insight for regional ecological risk evaluation and management.
Keywords: regional ecological risk, carbon trading policy, market-based environmental policy, government intervention, China
1 INTRODUCTION
Eliminating or reducing ecological risks is of great necessity to maintain national ecological security. China’s economy grew at an average annual rate of 9.42% from 1978 to 2021, and its contribution to world economic growth exceeded 25% in 2021. But coal consumption accounts for 56% of total energy consumption and 33% of global carbon emissions. The trend of rapid economic growth has led to increasingly prominent conflicts between energy supply and demand, overstretched environmental carrying capacity, and posing severe challenges to maintaining ecological security and sustainable development. In 2015, China promulgated and implemented the National Security Law of the People’s Republic of China, which made ecological security one of the important tasks in maintaining national security. The 18th National Congress of the CPC has made “beautiful China” as the main goal of building a strong modern socialist country, which brings the maintenance of ecological civilization and environmental protection to a new strategic level once again. How to reduce regional ecological risks and ensure the structural stability and functional security of ecosystems to promote regional sustainable development has become a key task for human social development in the 21st century (Lu et al., 2018).
Ecological risk is the likelihood that an ecosystem will be exposed to a hazardous environmental condition. The effective implementation of regional ecological risk evaluation and management to predict and identify potential problems and threats to regional development is of great significance to grasp, which constructed and optimized regional ecological security patterns (Li et al., 2020). In 1983, the Red Book of the National Academy of Sciences proposed a four-step approach of “hazard identification, dose-response assessment, exposure assessment and risk characterization”, which initially established a framework for ecological risk assessment (Baram, 1983). Subsequently, the American Environmental Protection Agency defined the concept of ecological risk and issued the Ecological Risk Assessment Guide, which proposed a three-step approach of “problem formulation, risk assessment and risk characterization”, and became a commonly accepted framework for ecological risk assessment by researchers (Assessment, 1992; Assessment, 1996).
Based on the above research framework, Chinese scholars have also started to focus on ecological risk, including the concept, development process, evaluation steps and research methods of ecological risk (Chen and Liu, 2014; Liu et al., 2020), and gradually carrying out quantitative research, with the process involving the ecological footprint method (Bi et al., 2020), GIS (Wu et al., 2020), probabilistic risk method (Shi et al., 2016). The focus on risk stressors has expanded from single to multiple chemical substances and ecological events (Yang et al., 2018; Zhang et al., 2020), and the focus on risk receptors has expanded from populations to communities, watersheds (Wu et al., 2018), landscapes (Wu et al., 2020), representative regions (Huang et al., 2007; Bi et al., 2020), and other levels. In general, domestic ecological risk research in China lacks a unified evaluation standard and framework. Although the perspective of the relative researches has been expanded, the expanded scope is mainly focused on natural geographic systems and special ecological zones, and the boundary characteristics of regions are obvious and characterized by high sensitivity and vulnerability, etc. Few studies on regional ecological risk have been conducted at either the provincial or city level. Due to the limited scope of research, it is difficult to make global comparisons. In addition, most of the existing studies remain at the stage of regional ecological risk evaluation, and there is a scarcity of research on how to manage and prevent regional ecological risks.
The effect of environmental regulatory policies on environmental governance has been an important issue for scholars (Yu and Yin, 2022). The command-based environmental policies mainly form mandatory constraints through administrative standards such as laws and regulations, while market-based environmental policies form incentive constraints through economic instruments such as emission pricing and taxation. In response to environmental pollution, the Chinese government has issued a number of command-based environmental policies in recent years, such as pollution penalties and two control zones. Studies have found that the implementation of command-based policies can reduce pollution emissions (Xie et al., 2017; Wang et al., 2019) and improve regional sustainable development. However, most of the command-based policies are adopted by regulatory targets in pursuit of legitimacy and have not produced substantive environmental protection practices (Hu et al., 2020). With the improvement of markets, more and more studies have concluded that market-based policies can reduce social energy and transaction costs, and have a more flexible and long-term guiding effect on the environmental protection (Shen et al., 2017; Murray et al., 2020). Therefore, the market has shown more positive policy effects in promoting energy conservation and emission reduction, green technology innovation (Hu et al., 2020), industrial upgrading (Tan and Zhang, 2018) and promoting local economic development with high-quality (Shao and Li, 2022). Represented by carbon markets, studies have found that the establishment of carbon markets has a synergistic effect on SO2 and NOX emission reductions, and will reduce the economic cost of emissions (Cheng et al., 2015), but the effectiveness of policy implementation varies widely across pilots (Wu W. G. et al., 2021).
Market refers to the sum of information related to emissions, which can be reflected in the form of prices. In addition to establishing a trading rights market, optimizing the internal structure and operational efficiency of the market is essential for achieving emission reduction targets and risk management. Zhao et al. (2017) evaluated the operation efficiency of China’s carbon market based on Fama’s efficient market hypothesis theory. According to this study, China’s carbon trading market is still in an immature stage, with low operation efficiency. Problems such as low transparency of information within the market, inadequate infrastructure, pricing, regulation and reward and punishment mechanisms are prominent (Zhang et al., 2017). Poor liquidity leads to low participation of players, which in turn weakens the operational effectiveness of the carbon market.
In summary, the existing studies have indicated that both governments and markets play an important role in promoting regional environmental governance however, these studies only explored the environmental effects of policies from a single market or government perspective, thus the findings are one-sided. Wu Y. Y. et al. (2021) and Wang et al. (2021) examine the impact of policy synergy on pollution reduction, which play a complementary role, but regional ecological risk includes not only environmental elements but also covers social and economic dimensions. Moreover, in addition to policy effects, another major objective of policy evaluation is to adjust the internal structure of policies. In this paper, the author proposes to build an evaluation system for regional ecological risk, taking the establishment of China’s carbon emission trading rights market as a quasi-natural experiment and using a multi-period double difference method to explore the following questions: Does market-based environmental policy help reduce regional ecological risk? What are the approaches of its action? Does the efficiency of market operation affect the effectiveness of the policy? Can government interventions create synergies?
Compared with the existing studies, the possible marginal contributions of this paper are: Firstly, based on the PSR model, a regional ecological risk evaluation framework is constructed and the ecological risks in 30 Chinese provinces are measured quantitatively, which broadens the connotation and scope limitations of ecological risk evaluation and increases regional comparability, while providing a theoretical reference for national ecological security evaluation and management. Secondly, taking the pilot of China’s carbon trading rights as a quasi-natural experiment, we use a multi-period double difference method is used to examine the effects of market-based environmental policy implementation on regional ecological risks, which extends the scope of the study on the effect of market-based environmental policies. Thirdly, on the basis of whether the policy is implemented or not, this study further investigates impact of the internal operation characteristics of the carbon market on regional ecological risks from the three aspects of market price, liquidity and relative transaction scale, and the function channels are examined. The conclusions provide a reference for adjusting the internal structure of the market and sustaining the role of market-based environmental policies in maintaining social and environmental system security. Finally, at the stage of imperfect operation of the carbon trading rights market, the study considers the government’s additional factors to the market and examines the role of government intervention in the process of market policies’ impact on regional ecological risks. The findings have important implications for improving the efficiency of market operation and bringing policy synergies into play.
2 THEORETICAL BASIS AND RESEARCH HYPOTHESIS
2.1 Effects of market-based environmental regulation on regional ecological risk
Environmental pollution is characterized by negative externalities. Market-based environmental regulation guides enterprises to carry out environmental management activities in an economic economically by internalizing their external costs. The impact on regional ecological risk is manifested as follows. The first point is the behavioral constraint effect. Market-based environmental policies set emission standards for enterprises based on historical data, and set explicit pricing to emissions. Requiring enterprises to maintain production and emission demands through market transactions, which creates constraints on enterprises’ emission behavior. However, emission reduction should not be achieved at the expense of excessive economic growth. The market trading mechanism provides the necessary safeguards for enterprises to maintain normal production and business activities while restraining their emission reduction behavior. This helps to reduce the overall risk to the functioning of the ecosystem by mitigating the positive impact of pollution on business shutdowns and the resulting loss of jobs and quality of life (Liao et al., 2020). The second point is the behavioral incentives effect. Unlike mandatory orders, market encourages the enterprises to incorporate emissions into their production and consumption decisions, which allows them to weigh production and emission reduction costs and reduce emissions to obtain additional market benefits while control total emissions. This will also increase the spontaneous and proactive response behavior of enterprises to meet legal requirements, to prompt them to improve their production and operation models through innovation and transformation, reducing the destructive power of their production behavior on the environment, and thus decreasing ecological vulnerability and pressure. A virtuous cycle will be established in the long term, improving the current sustainable state of the ecosystem and its risk-carrying capacity. As a result, positive roles are necessary to be played in mitigating regional ecological risks.
In summary, this paper proposes H1: Market-based environmental policy implementation can reduce regional ecological risks.
2.2 Effects of carbon trading market characteristics on regional ecological risks
The effectiveness of market-based environmental policies on regional ecological risks depends not only on the establishment of a mechanism, but also on market efficiency factors such as market price, liquidity and scale of transactions (Zhao et al., 2016). China’s market emission policies are mostly based on historical emission data for quotas. The market is highly volatile, with lags in response to real-time information, and the intermittent phenomenon of “prices without transactions” and full trading time is expected in the market. First of all, the market price is an essential indicator of uncertainty (Bekaert and Hoerova, 2014; Saeed et al., 2021). Relatively low price for emissions results in low compliance costs, and firms tend to meet emission standards by purchasing allowances, with little incentive to reduce emissions themselves. Instead, they may use low price to expand production in the short term and increase pollution emissions. Moderate price increases send pressure signals to push the enterprises to innovate the production and reduce emissions, while fairly high prices discourage them from responding to the needs of the environment protection, making it difficult to utilize the cost-saving effects of the market. Secondly, liquidity reflects the activity and attitudes of market participants, which will affect the transparency of market information and price stability. Poor market liquidity affects market supply and demand, with difficulties in obtaining quotas on the demand side, which may restrict average production and business activities of enterprises. This in turn triggers social risks such as production cuts and unemployment, or leads to enterprise’s negligence to emission restrictions, negatively impacting compliance and increasing ecological pressure. Finally, the market transaction scale is a combination of market price, volume and liquidity. In comparison to the total amount of pollution emissions, the proportion of the market trading scale will be larger, the participation of market players will be higher, the market utilization of the market will be higher, and the role in reducing environmental pollution and business risks will be greater. In summary, the following research hypotheses are proposed in this paper:
H2: The efficiency of market operation will affect the role of market-based environmental policies played in regional ecological risks.
H2a: Changes in market will have an uncertain impact on regional ecological risk.
H2b: Increased market liquidity contributes to the positive impact of market-based environmental policies on reducing regional ecological risks.
H2c: Increased relative market size helps to enhance the positive impact of market-based environmental policies on reducing regional ecological risks.
2.3 Approaches of action of market-based environmental regulation on the impact of regional ecological risks
By promoting technological innovation, market-based environmental policies can reduce the level of regional ecological risk. Market-based environmental regulation follows the operation model of “Cap-and-Trade” that sets a price for pollution emissions. ITC theory suggests that changes in the relative price of factors will induce technological innovation behavior of regulators to save the input cost of factors (Hicks, 1963). On the one hand, total limits will crowd out the enterprises’ normal production investment activities and increase their pollution control costs. The resulting regulatory pressure can force the enterprises to engage in technological innovation, help them to reduce resource consumption in their production processes, and improve productivity and build long-term competitive advantage (Porter and Van der Linde, 1995). On the other hand, the behavior of the enterprises is guided by profit maximization. Price changes in the emissions market provide a shadow price for technological innovation, which can eliminate the positive externalities of firms’ scanty innovation. In the case of a single enterprises, if the marginal cost of emissions is higher than innovation, it will motivate companies to innovate the enterprise, thereby reducing uncertainty in its pollution behavior and increasing its bargaining power and profitability in the emissions market while meeting its emission target.
In a word, increased responsiveness of single enterprises to technological innovation will promote the overall technological innovation capacity of society, which will reduce pollution emissions and help to improve ecosystem resilience, thereby reducing the level of regional ecological risk. This paper proposes H3a: Market-based environmental policies can reduce regional ecological risks by enhancing technological innovation.
By optimizing the industrial structure, market-based environmental policies can reduce the level of regional ecological risks. Firstly, setting emission standards can help to external defense lines, which can enhance the entry barriers of high polluting and high energy consuming enterprises. Secondly, market cost options will compress the profit margins of firms, optimize the way enterprises allocate resources and eliminate excess capacity. Regulating the consumption structure of energy and resources and forming internal barriers by promoting process reorganization and re-engineering of the internal structure of industries the enterprises. Finally, the factor input structure, promote cleaner energy and production methods can be changed. The market choice brought about by policy guidance will stimulate the participation of enterprises and promote the green and sustainable development of the industry.
Generally speaking, market-based environmental policies can regulate and guide the behavior of polluters, which will optimize the way resources are allocated, promote the transformation and upgrading of industrial structures, and reduce environmental risks at source. Therefore, this paper proposes H3b: market-based environmental policies can reduce the level of regional ecological risks by optimizing the industrial structure.
2.4 Synergistic effects of government intervention
Classical economic theory suggests that perfectly competitive markets can achieve optimal resource allocation efficiency in the absence of government intervention. However, in imperfectly competitive markets, externalities and uncertainties can reduce resource allocation efficiency and even lead to market failure (Williamson, 1971). It is manifested by the neglect of environmental needs by enterprises in pursuit of profit maximization, resulting in excessive emissions and increasing the pressure of emission reduction on the ecological environment. At this time, government intervention may play an important role in market operation. On the one hand, government intervention can regulate the market operation process. It can improve the efficiency of market resource allocation, improve factor markets, stabilize transaction prices, further improve the efficiency of market operation and correct market failures by imposing emission fees and environmental taxes (Kallbekken et al., 2011). On the other hand, the implementation of government intervention policies can also mitigate regional ecological risks. The strength of government regulation is a sign of the importance attached to the environment, which will reduce fluke mind and avoidance of companies and increase its ability to take action to reduce environmental pollution. In addition, government incentives such as subsidies and tax cuts will guide enterprises to accelerate their technological innovation and optimize their energy mix, which will be more conducive to expedite their behavioral response to the environment and improve their ability to reduce pollution, meanwhile bring into play the synergy between government administrative and market policies in mitigating the ecological pressures.
Therefore, this paper proposes H4: Government intervention plays a synergistic role in the process of market-based environmental policies to reduce regional ecological risks.
3 Research design
3.1 Identification strategy
In this paper, a carbon emission trading pilot is used as proxies for the market-based environmental policies. A multi-period double difference method of estimation to portray differences in the timing of carbon market initiation, and examining whether there is a significant difference in ecological risk between the treatment and control groups before and after the establishment of the carbon market. The model is set up as follows:
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where [image: image]and [image: image] denote region and year respectively, [image: image] is the explanatory variable regional ecological risk index, its pressure ([image: image]), status ([image: image]) and response index ([image: image]); [image: image] is the core explanatory variable, and [image: image] is the core explanatory variable. When [image: image] represents Beijing, Tianjin, Shanghai, Guangdong and Hubei Province (Calculation of Shenzhen data into Guangdong Province), [image: image] takes the value of 1, otherwise it takes the value of 0. [image: image]indicates the policy implementation time. When [image: image] represents Beijing, Tianjin, Shanghai, Guangdong Province and t ≥ 2013, or [image: image] represents Chongqing, Hubei Province and t ≥ 2014, or [image: image] represents Fujian Province and t ≥ 2016, [image: image] takes the value of 1, otherwise it is 0. [image: image] presents the control variables. [image: image] and [image: image] are region fixed effects (Provincial FE) and year fixed effects (Year FE), and [image: image] denotes the random error term. In this paper, clustering is used to analyze standard errors at the provincial level to address potential serial correlation and heteroskedasticity issues. This paper focuses on the direction and significance of the estimated coefficient [image: image].
3.2 Measurement of regional ecological risks
3.2.1 Construction of regional ecological risk evaluation index system
Pressure-state-response (PSR) model is refined by the Organization for Economic Cooperation and Development (OECD) and the United Nations Environment Programme (UNEP) in 1980. In this model, three categories of indicators are used to reflect and analyze the state and dynamics of things under the combined effect of multiple factors to explain the three aspects of why, what and how (Xie and Huang, 2017), where “pressure” (P) characterizes the ecological load imposed by human activities, “state” (S) characterizes the current resource status of the ecosystem and the economy and society, and “response” (R) characterizes the beneficial measures taken by humans to solve ecological problems. Due to the wide coverage and clear relationships of PSR model indicators, this model has been widely used in ecological and sustainable development evaluation in recent years.
In this paper, in accordance with the principles of multidimensionality, wholeness, comparability and data availability, and on the basis of the PSR model, we refer to the studies of Ke et al. (2017) and Hu and Xie (2021) to construct a regional ecological risk evaluation system containing three levels and 27 indicators in three dimensions: social, economic and natural dimension. The indicator system is constructed as shown in Table 1.
TABLE 1 | Regional ecological risk evaluation indicator system.
[image: Table 1]3.2.2 Method of regional ecological risk evaluation
Determining the weight of indicators is an important part of comprehensive evaluation. Compared with other methods, the entropy weighting method calculates weights based on the amount of information of indicators, which is objective, flexible and simple to operate. It can overcome the interference of subjective bias in the comprehensive evaluation. Therefore, this paper adopts the entropy weight method to measure the comprehensive index of regional ecological risk, and the specific steps are as follows:
(i) Construct a judgment matrix. Construct a judgment matrix containing [image: image] evaluation objects and [image: image] evaluation indicators based on the evaluation system: [image: image]. (ii) Standardization. After determining the direction of action of indicators on ecological risk, adopt polarization to calculate the dimensionless value of indicators, where the formula: [image: image] is used for positive indicators and the formula: [image: image] is used for negative indicators. (iii) Calculate the indicator information entropy. [image: image], where [image: image], when[image: image], [image: image]. The larger the entropy value, the smaller the difference of indicator j between evaluation objects, and j should be given a smaller weight. (ⅳ) Calculate the information entropy of indicators. [image: image], where 0≤[image: image]≤1 and [image: image]. (ⅴ) Calculate the comprehensive index of regional ecological risk in year [image: image]: [image: image], and the pressure ([image: image]), state ([image: image]) and response ([image: image]) sub-indices, which are used as the explanatory variables in this paper.
3.3 Variable setting and basic description
3.3.1 Explained variable and core explanatory variable
The explained variable in this paper is the regional ecological risk composite index ([image: image]), and its pressure ([image: image]), state ([image: image]), and response index ([image: image]). The regional ecological risk is measured in the way described above, and the index is treated logarithmically. The core explanatory variable is the carbon delivery pilot policy (DID), which is the product of two dummy variables for the region and time of policy implementation.
3.3.2 Channel variables

(i) Level of industrial structure transformation and upgrading. According to Yuan and Zhu (2018), Gan et al. (2011), the industrial structure rationalization index ([image: image]) is measured by using the Thayer index with, and the calculation formula shown in Eq. 2. The ratio of the output value of the tertiary industry to that of the secondary industry is used to measure the industrial structure advanced index ([image: image]) to represent proxy the industrial structure transformation and upgrading.
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The industrial structure Thayer index is a reflection of the output value and employment structure of industries, where [image: image] indicates the proportion of the output value of industry [image: image] in region [image: image] to the regional GDP in period [image: image], and [image: image] indicates the proportion of employees in industry [image: image] in region [image: image] to the total employment in period [image: image]. [image: image] of 0 indicates that the industrial structure is in equilibrium, but if it is not 0, the industrial structure becomes irrational and deviates from the equilibrium state.
(ii) Level of technological innovation. In according with the study of Qi et al. (2018), this paper takes regions as the data collection level, aggregates provincial green patent data from the National Patent and Intellectual Property Office, and adopts two indicators, the logarithm of the total number of green patent applications ([image: image]) and the proportion of green invention patents ([image: image]), to represent the level of regional technological innovation.
3.3.3 Government intervention
Government intervention reflects the government’s control and allocation of market resources. On the basis of the study of Wang et al. (2021), in this paper uses the amount of investment in environmental pollution control as a proportion of regional GDP is used to indicate the intensity of government intervention in environmental governance.
3.3.4 Market characteristics variables
According to Wu W. G. et al. (2021), 1) the Carbon price ([image: image]) is expressed by the average of the daily closing price of the carbon market in the current year, and treated as a logarithm. 2) Market liquidity ([image: image]) is the logarithm of the total number of non-zero trading days in the carbon market this year. 3) Relative market size ([image: image]) is the proportion of total carbon emissions traded in the carbon market this year.
3.3.5 Control variables
To control the effects of regional economic, environmental and demographic characteristics on policy effects, On the basis of the study of Wu Y. Y. et al. (2021) and Liu et al. (2019), such control variables as the level of economic development ([image: image]), industrial structure ([image: image]), degree of openness ([image: image]), fiscal dependency ([image: image]), population density ([image: image], degree of marketization ([image: image]), energy structure ([image: image]), innovation intensity ([image: image]), traffic conditions ([image: image]), and capital stock ([image: image])are selected as the control variables.
3.4 Data sources and sample selection
Samples from 30 provinces (municipalities or autonomous regions) in China from 2006 to 2017 are selected as the research sample (the samples from Hong Kong, Macao, Taiwan and Tibet are excluded due to data their unavailability). In December 2017, China announced the official launch of the national carbon emission trading market, and the pilot scale of the carbon trading market gradually expanded. The development of China’s carbon market enters a new stage, so this paper chooses 2017 as the end point of the sample time. The original data on the indicators of the ecological risk evaluation system, government intervention and control variables are obtained from the China Statistical Yearbook, China Environmental Statistical Yearbook, China Energy Statistical Yearbook, China Science and Technology Statistical Yearbook, and China Sub The data on carbon market characteristics are obtained from the China Carbon Emissions Trading Website (http://www.tanpaifang.com/). Some missing data are filled by using the moving average method. The definitions and descriptive statistics of each variable are shown in Table 2.
TABLE 2 | Variable definition and descriptive statistics.
[image: Table 2]3.5 Comparison of ecological risk means between the treatment and control groups
Figure 1 shows that before the implementation of the policy in 2013, the ecological risks in the pilot and non-pilot regions followed similar change trends, with the ecological risks in the pilot regions being significantly higher than those in the non-pilot regions. After the pilots were established, the level of ecological risk in both types of pilots decreased, but the decreasing trend in the pilot areas was continuous and more obvious, which initially showed the positive impact of the carbon emission trading market on reducing ecological risk. The regional ecological risks in the graph also showed a downward trend in 2011, probably due to the fact that the National Development and Reform Commission issued the Notice on the Launching of Carbon Emissions Trading Pilot Work in 2011 before the official opening of the pilots. Such preparatory work as the development of systems and trading rules was then started in the pilots, which had the expected effect of a policy pilot.
[image: Figure 1]FIGURE 1 | Comparison of annual means of ecological risk between the treatment and control groups.
4 Empirical results
4.1 Baseline regression results
After the year fixed effects and related variables are controlled on a provincial basis, the results in Table 3 column 1) show that the DID coefficient is significantly negative at the 1% level, indicating that the level of regional ecological risk was significantly reduced after the implementation of the carbon emissions trading policy. The regressions of ecological risk pressure, status and response index as explanatory variables in column 2–4 of Table 3 were conducted to examine the direction of the impact of market-based environmental policy implementation on regional ecological risk, and it is found that the coefficients of DID in all three sets of regressions showed negative values, but only the DID coefficient of ecological risk response index passed the significance test.
TABLE 3 | Baseline regression results.
[image: Table 3]The above regression results indicate that market-based environmental policy implementation can significantly reduce the level of regional ecological risk. In addition, H1 was verified. Specifically, the regression results for the three ecological risk sub-indices show that market-based environmental policies have a positive impact on the reduction of regional ecological risks mainly through improving the responsiveness of regulatory agents to ecological risks. The above results suggest that market-based environmental policies help to play the incentive effect of policies on enterprises’ emission reduction behavior, and that the micro-incentive effect is cumulative, which in turn has a positive impact on the macro-environment.
4.2 Parallel trend test
On the basis of the study of Zhang et al. (2019), we use event analysis is used to test the parallel trend before the policy was implemented. The model is constructed as follows:
[image: image]
When 2006 is taken as the base year, [image: image]denotes the estimated coefficient of DID from 2007 to 2017, and the remaining variables have the same meaning as above. Figure 2 plots the estimated results of [image: image] at 95% confidence intervals, and the results show that none of the regression coefficient values of [image: image] are significant before the official launch of the first carbon trading rights market (pre6-pre1), indicating that there is no significant difference between the treatment and control groups before the implementation of the policy. Therefore, the changes can verify the parallel trend hypothesis.
[image: Figure 2]FIGURE 2 | Parallel trend test.
4.3 Robustness test
To confirm the reliability of the baseline regression results, in this paper performs robustness tests are performed through three methods: propensity score matching-double difference method (PSM-DID), placebo test and change sample period.
4.3.1 Placebo test
To ascertain that the above findings are not coincidental, this paper randomizes the provinces and time of carbon market establishment in this paper are randomized for a placebo test. On the basis of the study of Lu et al. (2021), a non-parametric substitution test was used to conduct the test. Specifically, within the 30 provinces and the sample period of 2006–2017, seven pseudo-pilot provinces and the corresponding pseudo-implementation time were randomly selected each time as the pseudo-treatment group, and then Eq. 1 was reset and estimated based on the extraction results. The process was repeated 500 times to obtain the estimated coefficients of the pseudo-DID. Figure 3 plots the probability density distribution of the 500 pseudo-estimated coefficients. It can be found that the actual regression coefficient values deviate from the probability density distribution curve, and the mean value of the 500 pseudo-regression coefficients is close to zero, which differs significantly from the actual regression coefficient values. This indicates that the results of this paper pass the placebo test and the establishment of the current carbon market does help reduce the regional ecological risks.
[image: Figure 3]FIGURE 3 | Probability density distribution of the estimated coefficients of the placebo test. Note: The vertical dashed line indicates the actual estimate of DID in column (1) of Table 2.
4.3.2 Propensity score matching - Double difference method
DID methodology requires that pilot and non-pilot areas meet a common trend assumption. The trends in ecological risk between pilot areas and other areas do not differ systematically over time if low carbon pilot policies are not implemented. However, if the low carbon pilots are not randomly selected, this may influence regional differences in ecological risk through other factors that are not time-varying and unobservable.
To overcome possible systematic differences in ecological risk changes between pilot and non-pilot areas, this paper uses the PSM-DID method is used in this paper to find treatment groups similar to pilot provinces among non-pilot provinces to eliminate the problem of sample selectivity (Liu and Zhao, 2015). The basic ideas include: (ⅰ) Using control variables to predict the probability of a province being selected as a pilot area, and use radius matching, kernel matching and nearest neighbor matching three methods to match the treatment group (pilot areas) with the control group respectively. Retaining the sample provinces that were not significantly different between the treatment and control groups before the policy implementation. (ⅱ) Using multi-period double difference methods to examine the impact of low carbon pilot policies on regional ecological risk, the regression results in column (1–3) in Table 4 show that the significance of the estimated coefficients of DID are consistent with the baseline regression results in Table 3. This indicates that the finding that market-based environmental policies can significantly help to mitigate regional ecological risks is robust.
TABLE 4 | Robustness test.
[image: Table 4]4.3.3 Change sample period
The start point of the sample in this paper is 2006, and the first carbon trading policies started to be implemented in 2013. The long period before the policy implementation may affect the validity of the results. At the same time, to mitigate the negative impact of the economic crisis shock in 2008 on the economic aspects of ecological safety, this paper only retains the sample for the first 3 years of the policy implementation is retained. The re-regression results are shown in Column 4) in Table 4. The conclusions are not changed.
4.4 Impact of the operational efficiency of carbon markets on policy effects
To test the impact of the operational efficiency of the carbon market on the policy effect, in this paper introduces the carbon market characteristics variables are introduced into Eq. 1, resulting in the following model:
[image: image]
In the model, [image: image] is the characteristic variable of carbon market, which mainly contains carbon price ([image: image]), market liquidity ([image: image]), relative market trading size ([image: image]). Other variables have the same meanings as the variables in the previous models.
The regression results in Table 5 show that the increase in the price of carbon market transactions weakens the positive impact of the market on mitigating regional ecological risks, while the increase in both market liquidity and relative market transaction size enhances the positive impact of the market on mitigating regional ecological risks. H2b and H2c are verified, and the direction of the effect of H2a is clarified. The result indicates that the increased activity of market participants in the early stages of market operation helps to increase the transparency of market information and reduce the uncertainty of market transactions. This also helps to facilitate transactions that reduce environmental pollution and reduce the negative impact of regulations on normal production and business activities of enterprises. This mitigates ecological risks at multiple levels, including social and environmental. However, price increases will limit the positive impact of the market on reducing regional ecological risks, indicating that enterprises’ decisions are based on cost-optimal criteria and profit maximization. Market-based environmental policies internalize the costs of pollution and increase additional expenditure for businesses, which indicates a low level of awareness and recognition of the current market operation mechanism, and also indicates that rationalized market prices play an important role in enhancing the efficiency of the operation of the market mechanism.
TABLE 5 | Impact of the efficiency of market operations on regional ecological risk.
[image: Table 5]4.5 Channel of action test
According to the previous analysis, market-based environmental policies may have an impact on regional ecological risk through industrial structure upgrading and technological innovation. This is tested by using a mediating effects model:
[image: image]
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In this model, [image: image] is the mediating variable for industrial structural upgrading ([image: image], [image: image]) and technological innovation ([image: image], [image: image]), the total effect of market-based policy is [image: image], the direct effect is [image: image], the mediating effect of [image: image] is [image: image], and other variables have the same meanings as the variables in the previous models. According to the test steps for mediating effects, if [image: image] and [image: image] are both significantly negative in the regression and the coefficient of [image: image] decreases, M is a partially mediating variable. If [image: image] is significantly negative in the regression, [image: image] is significantly positive and the coefficient of [image: image] increases, then M is also a partially mediating variable. If [image: image] is not significant and [image: image] is significant, then M is a fully mediating variable.
In this paper the channels of industrial structure transformation and upgrading are examined from two aspects. Rationalization of industrial structure emphasizes the degree of coordination of industrial development, which mainly refers to the state of achieving effective allocation of factors and promoting the continuous optimization. The results in Column (1–3) of Table 6 show that the operation of the carbon trading rights market can promote the rationalization of the regional industrial structure, thus having a positive impact on reducing the level of regional ecological risks. Unlike rationalization, advanced industrial structure is the evolution of industrial structure from low to high, and involves processes such as factor transfer and technological change. The results in Column (4–5) of Table 6 show that carbon trading rights markets can mitigate the level of regional ecological risk by promoting advanced industrial structure. In summary, the implementation of market-based environmental policies not only accelerates the transformation and upgrading of the industrial structure as a whole, but also promotes the coupling and coordination of resources within the industry, thus having a positive impact on reducing the level of regional ecological risk, H3b is verified.
TABLE 6 | Action channel test.
[image: Table 6]In Column (6–9) of Table 6, the technological innovation channel is examined with the result that the operation of the carbon trading rights market not only enhances the total level of regional green technological innovation, but also improves the quality of regional green technological innovation (the level of invention-based patents increases), thus reducing the level of regional ecological risk, H3a is verified.
5 DISCUSSION
The results of government intervention on regional ecological risk are shown in Column (1–3) of Table 7. The regression coefficients of [image: image] and [image: image] are all significantly positive. As government intervention increases, regional ecological risk decreases and then increases, showing a “U-shaped” relationship. It suggests that a moderate intensity of government intervention is the most effective method in reducing regional ecological risks. The results in Column 3) of Table 7 show that increased government intervention in the process of market-based policies can weaken the positive effect of the market on mitigating regional ecological risks. H4 has not been validated.
TABLE 7 | Test of synergy of government intervention.
[image: Table 7]To explore this effect, in this paper the ecological risk policy effect of markets is examined in three intervals: low, moderate and high government intervention, using the 0.25 and 0.75 quartiles of government intervention as bounds. The results in Column (4–6) of Table 7 show that market-based policies do not have a significant impact on regional ecological risk at either low or high levels of government intervention. Only in the moderate range can the government intervention and the market can play a synergistic policy role and have a positive impact on reducing regional ecological risk beyond the role of a single market. The conclusion is reached by the fact that the absolute value of the regression coefficient of DID in Column 5) of Table 7 is greater than that of the benchmark regression.
The above empirical results suggest that in the process of preventing regional ecological risks, moderate government intervention may regulate the market operation mechanism, improve the efficiency of factor allocation, stimulate the incentive of enterprises to reduce emissions and generate policy synergy effects. However, according to the theory of crowding, excessive pressure from the intervention may affect the self-determination of market agents and reduce their incentives to participate in environmental behavior (Frey and Jegen, 2001). In addition, it may disrupt the market enquiry mechanism, reduce pricing efficiency and lead to market distortions, reducing policy effects while increasing policy implementation costs, and therefore not generating policy synergies.
6 CONCLUSION, IMPLICATIONS AND LIMITATIONS
6.1 Conclusion
Ecological risk evaluation and management are important for regions to achieve sustainable development. In this paper constructs a regional ecological risk evaluation framework is constructed on the basis of the PSR model in three dimensions: social, environmental and natural. And the regional ecological risk is measured via using the 2006–2017 Chinese provincial panel data. Further using a quasi-natural experiment with the establishment of a carbon emissions trading market, and a multi-period double difference method, we examined the effect of market-based environmental policy establishment on regional ecological risk is examined. The findings show that:
First, market-based environmental policy implementation can significantly reduce the regional ecological risk, making the ecological risk in pilot areas approximately 15.4% lower than that in non-pilot areas. Further research indicates that market-based environmental policy implementation mainly enhances regional ecological risk responsiveness, and the findings pass series of identification assumptions and robustness tests.
Second, the efficiency of market operations has a heterogeneous impact on regional ecological risk. Increased market prices will weaken the positive impact of market-based environmental policies on reducing regional ecological risks, while increased market liquidity and relative transaction size will have a positive policy effect.
Third, market-based environmental policies will reduce the level of regional ecological risk through two channels of action: promoting industrial structure upgrading and technological upgrading.
Finally, moderate government administrative intervention can significantly enhance the positive effects of market-based environmental policies on reducing regional ecological risks, showing synergy in this process. However, neither relative high interventions nor relative low interventions have positive effects.
6.2 Policy implications
These findings have the following policy implications:
Firstly, the implementation of market-based environmental policies should be based on summarize the experience of pilot operations and promote the formation of demonstration effects. At the same time, it should break down administrative and subject barriers should be removed to gradual expansion of the scope of policy implementation, and the promotion the integration and linkage of regional and sectoral markets. Efforts should be made to promote the willingness of subjects to participate through competition and price instruments, enhance market liquidity and transaction scale through active market transactions, and facilitate the formation of long-term price mechanisms to realize the beneficial impact of markets on reducing regional ecological risks.
Secondly, it is necessary to promote the synergistic development of regional green technology and industrial structure transformation, and forming a long-term mechanism for ecological risk management. For industrial restructuring, market-based environmental policy regions should improve the exit mechanism for highly polluting and energy-consuming enterprises. Then the regions will be able to ameliorate and gradually enhance the capacity for independent innovation to provide a new thrust for the advanced and rationalized industrial structure. For technological innovation, a science and technology innovation service platform should be actively established. Innovation incentive policies, cooperation and transformation mechanisms for results should be improved, and a favorable environment for technological innovation should be created for society through economic incentives such as tax reduction and subsidies. At the same time, technological quality standards should be improved to achieve simultaneous growth in the quantity and quality of technological innovation, and to promote green production and reduce the risk of pollution from the end.
Finally, importance should be attached to giving full play to the government’s supporting and regulating role in the implementation and operation of market policies, especially in the early stages of market creation. The government should change its role from providing passive services to giving active services and should take the initiative to solve practical problems in transaction performance. (i) The laws and regulations related to market transactions to make up for market failures caused by market’s own limitations should be improved. This can be done through tax relief and subsidies to reduce the transition pressure on areas and to include the enterprises in the market transactions, and to promote the smooth and orderly operation of the market. (ii) Effective market information services should be provided in response to the needs of enterprises. Efforts should be made to improve the market operation mechanisms and trading strategies through a combination of online and offline training, excellent case publicity and so on. Trading platform should be optimized to achieve price dynamics, a long-term pricing mechanism should be established to reduce information asymmetry, and the initiative of enterprises to should be encouraged to achieve emission reductions and gain additional revenue through the market, while enhancing the efficiency of market operation. However, the relationship between the government and the market should be balanced, the rules of market operation should be respected, and proper guidance should be given to avoid excessive government intervention.
6.3 Limitations and directions for future research
Based on the PSR model, this paper measures the level of regional ecological risk at the provincial level in China, and empirically analyzes the impact of market-based environmental policies on regional ecological risk. Although some new research results have been obtained based on the studies of domestic and foreign scholars, the conclusions are inevitably limited due to the authors’ limited knowledge and research conditions.
First, although our study expands the scope of current ecological risk measurement, it is still limited to the provincial level. With the depth of the study, more in-depth studies can be conducted at the micro level such as the local and municipal levels.
Second, the global warming and the frequent occurrence of extreme weather make the concept of regional ecological risk different from place to place. It will be difficult to adapt to global changes to use unified comprehensive indicators for regional ecological risk assessment. And the construction of indicators in regional ecological risk studies should be more diverse and unique, which will also become a trend for future research.
Third, this paper does not consider the impact of international environmental policies. The environmental carbon reduction policies in Europe, North America, and especially Southeast Asia will exert pressure on China’s environmental policies. The extreme environmental policies adopted by China for emission reduction targets will also have an impact on regional ecological risks, and it will be an important research direction to assess the regional ecological risks of low-carbon policies from a global perspective.
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