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The green energy structure transition is an effective means to achieve carbon emission reduction and sustainable energy development in the long term. Whether the carbon emissions trading scheme, a typical market-oriented environmental regulation, can realize a green energy structure transition has attracted widespread attention. Rather than focusing on the macro-effects of the carbon emissions trading scheme, this paper explores its effect on green energy structural transition in the power sector, which is a major carbon emitter by consuming non-renewable energy. With the multi-period difference-in-differences method, this study manually collects a panel data set of 103 listed power plants from 2011 to 2020 for a total of 1,030 samples and investigates the effect of the carbon emissions trading scheme on the proportion of clean energy power generation. The corresponding mechanism and heterogeneous effects are also examined. The results reveal: 1) The carbon emissions trading scheme increases the proportion of clean energy power generation significantly. This improvement is achieved by increasing clean energy power generation and decreasing thermal power generation. 2) Power companies to which power plants belong are private-owned and have lower debt-to-asset ratios and higher fixed asset ratios, or in regions with a high development level or strong environmental law enforcement, they are found to be more responsive to carbon emissions trading schemes. 3) Green technological innovation is the primary path for transitioning to a green energy structure, but it is not the only path.
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1 INTRODUCTION
Climate change (Weizsacker, 1990) and energy security (Ning et al., 2021) have emerged as the most critical issues facing sustainable development. Carbon dioxide emissions from the burning of fossil fuels are the primary cause of both problems. BP Statistical Review of World Energy (2021) reports that global greenhouse gas emissions reached 34.36 billion tons in 2019, of which over one-third was attributed to the burning of fossil fuels in the power sector. Therefore, the transformation of the energy structure in the power sector is not only conducive to reducing air pollution but also ensures long-term energy security. To control carbon emissions as soon as possible, countries expect to introduce environmental regulation policies that would result in the transformation of energy structures for power plants.
The carbon emissions trading scheme (ETS) is one of the main measures for achieving emission reduction targets. It has had positive results in many countries (Liang et al., 2014; Tang et al., 2015; Chang et al., 2020; Qi and Choi, 2020; Rickels et al., 2021). However, some studies conclude that it is inefficient (Borrego et al., 2005; María José et al., 2021). In addition to carbon emissions, the carbon ETS can also have an impact on the energy sector, such as improving energy efficiency (Smith and Sorrell, 2001; Zhao et al., 2018; Zhang et al., 2021; Chen et al., 2021), and enhancing the performance of energy companies (Choi et al., 2017). Moreover, the global carbon emissions trading market demonstrated resilience during the COVID-19 and control periods (ICAP, 2021). Thus, more evidence is needed to determine whether the carbon ETS is an effective policy that benefits climate and energy issues.
In contrast to the carbon ETS, the transition to a green energy structure has been widely viewed as a long-term effective strategy to address the two problems (Sun et al., 2020; IEA, 2021; State Council of China Guiding, 2021). Green energy structure transformation refers to the transformation of the main energy maintaining the operation of the national economy from fossil fuel to clean energy. As quickly as possible, countries are formulating policies to promote the transition to green energy infrastructure. Although carbon ETS is one of the most significant market-oriented environmental policies, its effects on the transition to a green energy structure have not been systematically assessed, and many countries have not even considered carbon ETS. With the largest carbon market (Nogrady, 2021) and clean energy output (BP Statistical Review of World Energy, 2021), China’s transition to a green energy structure through the carbon market has great advantages. Its successful transition contributes not only to the “net zero-emission” of the world but also offers valuable policy experience. China’s power sector is essential to its success in converting to a green energy structure since it accounts for a large share of the country’s carbon emissions and fossil fuel consumption (Ma et al., 2021; Zou et al., 2021). Moreover, because electricity consumption is widely distributed, and the demand is huge, plan-driven policies to regulate it can easily cause distortions in resource allocation. Therefore, with respect to carbon ETS as a proven potential market-oriented policy, this study uses the example of Chinese power plants to examine the policy effects of carbon ETS from the perspective of green energy structure transition.
Based on the manually collected panel data and using the multi-period difference-in-differences (MDID) model, this article empirically analyzes the effects of carbon ETS on the proportion of clean energy power generation, clean energy power generation, and thermal power generation. The results show that the carbon ETS significantly increases the proportion of clean energy power generation by promoting clean energy power generation and the limitating thermal power generation. Results of the heterogeneity analysis show that both internal and external characteristics of power firms can affect the green effects of the carbon ETS. The fixed asset ratio, the level of local economic development, and environmental law enforcement have a positive moderating effect, whereas the debt-to-asset ratio has the opposite effect, and privately-owned enterprises are more successful. Furthermore, the mechanism test determined that green technological innovation is one of the primary intermediary factors required for the carbon ETS to be effective.
The main contributions of this paper are summarized in three aspects: firstly, this paper studies the green effects of carbon ETS from the perspective of power generation and fills the gaps in previous studies and provides green empirical evidence regarding ETS’s effects on the environment and energy. As a second issue, the mainstream assessment result provides support for the nationwide implementation of the carbon ETS policy, and the described trends in the proportion of clean electricity and thermal power in recent years are helpful for China to understand the current state of the power generation market. Thirdly, the article examines the influencing factors and influence paths of the carbon ETS’s green effect, aiming to provide effective recommendations for carbon-free countries seeking to develop a national carbon market.
The following is an outline of the remainder of this article. The second section provides background information on carbon ETS policy and a literature review. Section 3 discusses data and methodology. Section 4 presents and analyzes the empirical results. The final section concludes and suggests policy implications.
2 BACKGROUND AND LITERATURE REVIEW
2.1 Background of Carbon ETS Policy
2.1.1 Policy Implementation Background
To accelerate the achievement of carbon emission reduction targets, China has successfully implemented carbon trading pilot schemes in nine provinces and cities over the past few years. Shenzhen served as the first pilot province, followed by Shanghai, Beijing, and Guangdong, all of which set up carbon trading markets in 2013, and Tianjin, Chongqing, and Hubei, which implemented carbon ETS in 2014. Fujian and Sichuan are unofficial pilot provinces that have established carbon markets in 2016. Furthermore, the power sector is the only industry participating in the initial carbon pilot transaction. It contributes a considerable portion of the country’s carbon emissions, which originate primarily from the production of electricity. From Figure 1, it can be seen that national thermal and clean energy power generation has been on the rise from 2011 to 2020. Thermal power has always been the primary power source in China, but it is notable that the proportion of clean energy power has increased from less than 20% in 2011 to about 30% by 2020, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | The power generation trends.
[image: Figure 2]FIGURE 2 | The proportion of power generation trend.
2.1.2 Policy Implementation Process
Under China’s Carbon ETS, a cap-and-trade system is implemented, which is a trading market based on total carbon emissions. As a means of limiting corporate carbon emissions, government agencies use carbon emission allowances1 to contract with companies listed in the ETS. Normally, if a firm’s carbon emissions exceed the government’s set carbon emission allowances, it must either purchase the carbon emission allowances through the carbon trading market or obtain Chinese Certified Emission Reduction (CCER) to replace part of the carbon emission allowances and keep the promise. Figure 3 describes the carbon ETS compliance process in more detail. At the beginning of the trading year, government authorities evaluate the maximum quantity of pollutants that can be discharged in order to meet environmental standards in a pilot province, which is called the “carbon emission cap” in this paper. Based on some calculation principles, it is divided into several shares and distributed to the member companies in both free and paid forms. The first form accounts for a relatively large proportion of China’s initial carbon pilot schemes, which are referred to as “free carbon emission allowances” in this paper. Member companies trade carbon emission allowances according to their carbon emissions requirements. And they should submit carbon emission allowances to offset the total carbon emissions resulting from the trading period at the end of the transaction period. If the carbon emissions are completely offset, the company has achieved “compliance”, otherwise it is considered “default”.
[image: Figure 3]FIGURE 3 | The carbon ETS compliance process.
2.2 Literature Review
2.2.1 The Direct Green Effect of the Carbon ETS
Currently, available literature describes the policy effects of carbon ETS primarily at the macro-level of a country as well as the micro-level of an enterprise. Some disagreements as to whether this market-oriented environmental regulation could, from the macro-level of a country’s perspective, actually contribute to sustainable development in terms of the environment and energy. The carbon ETS could reduce carbon dioxide emissions and improve the efficiency of carbon emission reductions during the dispatching of power (Wang and Li, 2021). Furthermore, carbon ETS not only decreased the emission of air pollutants, but it was also shown to alter the distribution of these pollutants, resulting in unintended environmental health damage in some areas (Cao et al., 2019; Zhang and Zhang, 2020). Energy companies also tend to be subject to the carbon ETS. Fang et al. (2020) and Zhang et al. (2020) proposed that a mature carbon trading market effectively controlled energy intensity and promoted the development of new energy sources. At the micro-level of the enterprise, Luo et al. (2021) empirically found that carbon ETS improved the green competitiveness and cost competitiveness of power companies. When only one environmental regulation policy was allowed, power companies gained more low-carbon profit, and carbon ETS tended to perform better than pollution right trading (Ge et al., 2019). In addition to the electric power sector, carbon emissions from energy companies have decreased since the opening of the carbon market, and the costs of energy companies’ carbon dioxide emissions were not shifted excessively to energy consumers. There was no distortion between supply and demand for energy consumption (Yu et al., 2022). Carbon ETS in general might play a positive role in the energy saving and emission reduction targets, whether at the macro or micro level.
2.2.2 The Heterogeneity Green Effect of Carbon ETS
Similar to the European Union (Borrego et al., 2005), China’s early carbon ETS had little impact on reducing carbon emissions, but with the improvement in the transaction mechanism, it became effective (Zhao et al., 2017). Therefore, research focused on the moderating factors affect the green effect of carbon ETS. The existing literature mainly discussed these moderating factors from the outside and the inside of power firms, with the latter having a greater prevalence. As for the external influence, Galán-Valdivieso et al. (2018) argued that the reduction in economic activity reduced the low-carbon effect of the carbon ETS from the point of view of pricing stability. The study by Zheng et al. (2021) concluded that the carbon emission performance of listed companies had improved significantly in eastern coastal pilot areas but had not improved in central or western pilot areas, while Zhou and Zhou (2021) proposed the opposite effect distribution. Different policies implemented by different regions had different effects on the efficiency of the carbon trading market (Zhou et al., 2019), and market-oriented regions performed better (Chen et al., 2021). Furthermore, resource-based cities had a higher carbon emission efficiency (Chen et al., 2021). At the enterprise level, cross-border cooperation might improve carbon trading market efficiency to a certain extent (Zhou et al., 2019). Environmental regulations that were more stringent could help improve the performance of the low-carbon sector of the economy (Xiong and Shen, 2020). Liu et al. (2021) noted that non-state-owned enterprises reduced carbon emissions more than state-owned enterprises in the face of economic policy uncertainty. In addition to the above two aspects, moderators from the carbon emission trading mechanism themselves also had significant impacts, such as the liquidity of the carbon trading market (Zhou et al., 2019) and the allocation principle of carbon emission rights (Zhao and Yang, 2021). In general, the level of regional economic development, regional industrial structure, environmental law enforcement, cross-enterprise cooperation, nature of property rights, and factors from carbon ETS itself might moderate the policy effect of carbon ETS.
2.2.3 The Mediating Green Effect of Carbon ETS
The paper discussed the potential mechanisms of carbon ETS on the green effect for power plants from the functional mechanism of carbon ETS as well as the realization mechanism of energy savings and emissions reduction since there were few studies on the transition to green energy sources. The carbon ETS could contribute to the sustainable development of the environment in a variety of ways. Of these, green technology innovation was the most frequently mentioned. As noted by Chen et al. (2021) and Rickels et al. (2021), carbon ETS significantly enhanced carbon emission efficiency through technological progress effects, energy consumption structure optimization effects, and green innovation effects. Zheng et al. (2021) empirically concluded that carbon ETS stimulated the innovation capability of listed companies, improving the carbon emission performance of listed companies. Luo et al. (2021) concurred and added that green competitiveness might also be a functional mechanism. On the other hand, the marginal abatement cost of CO2 emissions was found to be of great importance for the achievement of emission reduction targets (Xian et al., 2022). The higher the marginal emission reduction cost, the slower the cumulative emission reduction activity growth rate and the emission reduction growth rate of manufacturing enterprises (An et al., 2021). Apart from that, the share of fossil fuels in total energy consumption and energy intensity was also one of the factors affecting carbon emission intensity, whereas corporate innovation failed (Yu et al., 2021). Therefore, it was controversial whether carbon ETS could realize the green promotion of enterprises through technological innovation.
3 DATA AND METHODOLOGY
3.1 Data
This study manually collects and finally obtains research data on 103 listed power firms from 2011 to 2020, a total of 1,030 samples. Among these 103 listed power firms, 96 are on the A-share mainboard, and the remaining seven are from the Hong Kong stock mainboard. Power companies in China are the companies that operate on the grid and own a single or several power plants. We manually collect the clean energy power generation and revenue, thermal power generation and revenue, and the total power generation and revenue from the annual reports disclosed by power companies. As far as we know, this sample data is the most detailed and comprehensive database available publicly at present. Our sample annual power generation can account for 43.83% of the national power generation in 2020, and the trend of the proportion of clean energy power generation is consistent with the national trend according to our statistics from 2011 to 2020. Moreover, 29/34 regions of China are covered by our research database (the rest five are Jiangxi, Qinghai, Taiwan, Tibet Autonomous Region, and Macau Special Administrative Region). During the data collection process, about 124 listed power companies were available, but we ended up retaining only 103 companies. This is mainly because we remove the following two types of power firms: a large number of missing values due to their late establishment; and the lack of data on power generation and power revenue from different sources in their annual reports, making it difficult to determine whether the company has a power generation business. Finally, after subtracting thermal power generation and revenue (clean energy power generation and revenue) from total power generation and revenue to fill in the missing values, this study divides the clean energy power generation by the total power generation to obtain the proportion of green power generation.
This study also manually collects and collates the carbon ETS policy data. As per the pilot provinces selected by China, we download the annually updated lists of companies participating in the carbon ETS from the development and reform commissions of each pilot province. Supplement the policy implementation time data of sample power companies with these lists. The control variables and mediating variables, most of them, are separately collected from the CSMAR and CNRDS databases2. Data on power firms listed on Hong Kong Exchanges and Clearing Limited is primarily collected by their annual reports. As two heterogeneity factors to be detected at the regional level, the regional economic development level is collected from the National Bureau of Statistics of China, and the environmental law enforcement data is from the “China Environmental Statistical Yearbook” and “China Tax Statistical Yearbook.”
3.2 Methodology
3.2.1 MDID Model
According to Yu et al. (2022), this paper applied the multiple-period difference-in-differences (MDID) model, which is widely used to evaluate policy effects with multiple policy time coexistences. This study divides all samples into two groups according to the MDID model. The power companies are put into the experiment group, which consists of not only pilot areas but also members of the carbon ETS, and the other firms are placed in the control group. Using the basic regression of Eq. 1, we observed the function of carbon ETS on the green degree by comparing the changes in the proportion of clean energy power generation, clean energy power generation, and thermal power generation between the experiment group and the control group before and after joining carbon ETS.
[image: image]
Here t and i separately represent the year and listed power firm. The [image: image] is the dependent variable, which denotes the green degree. [image: image] is the firm dummy variable, [image: image] = 1 means that firm i belongs to the experimental group and has participated in the carbon ETS pilot. Otherwise, [image: image] = 0. C is the control variable that affects the green degree of carbon ETS policy for power firms. [image: image] is the time fixed effect and [image: image] is the firm fixed effect. [image: image] is the random disturbance term. By observing the coefficient of the time fixed effect and firm fixed effect, this model estimates the specific impact of carbon ETS policy on the green degree of power plants by observing the coefficient of [image: image].
3.2.2 Variables
The “green degree” is a traditional measure of corporate performance in green transition. Some studies use green competitiveness and low-carbon profit to measure the green degree of enterprises (Ge et al., 2019; Luo et al., 2021). Nevertheless, these indicators only measure the green effect on the economy, ignoring the environmental green effect, which can lead to one-sided estimates of the green degree influenced by carbon ETS policy. For this reason, this paper originally selects the proportion of power generation and power generation to represent the green degree of power plants. Specifically, we use the proportion of clean energy power generation as the main indicator of the green degree of a power plant. The higher the proportion of clean energy power generation, the greater the green degree of the plant. In this paper, clean energy power generation and thermal power generation are examined to assess the carbon ETS policy’s environmental effects, and the increase in clean energy power generation and the decrease in thermal power generation indicate that power plants have become more environmentally friendly. In addition, listed power companies are chosen by this paper since they have more power plants and their power generation represents a significant percentage of China’s power generation.
To control for factors that may explain the change in the green degree of power plants, this study controls three aspects of firm-level characteristics: assets, finances, and capabilities. Company size (size) and asset value (CETA) constitute the asset-level variables, financial risk (DTA) and financial structure stability (FA) constitute the financial-level variables, and capability-level is composed of management capacity (PR), solvency (CA), and profitability (ROA) (Xiong and Shen, 2020; Jing et al., 2021; Zheng et al., 2021; Zheng and Zhang, 2021; Feng et al., 2022). As a measure of green technological innovation, Zhang et al. (2021) analyzed the number of patents as an intermediary variable. One improvement is proposed in this paper. Green technology innovation is measured by the number of green patent inventions. The level of economic development is measured using GDP per capita as one of the heterogeneity factors. Accordingly, the intensity of environmental law enforcement is measured by the proportion of sewage charges or environmental protection taxes to regional GDP. Detailed signs and measurements of all variables involved in this study are provided in Table 1.
TABLE 1 | The signs and measurements of total variables.
[image: Table 1]3.3 Descriptive Statistics
Table 2 presents descriptive statistics for the main variables in Eq. 1. Considering the incomplete disclosure of information in annual reports, this study was able to obtain 896 samples of data regarding the proportion of clean energy power generation. As indicated by the mean proportion of clean energy power generation of 0.477, thermal power generation remains the dominant force in China’s power generation structure. We can see from the standard deviation of clean energy power generation and thermal power generation that there is a significant difference between listed power firms from 2011 to 2020. The same is true for green power revenues and thermal power revenues. Carbon ETS has a mean value of 0.238, which indicates that the control group has 785 samples while the experiment group has 245 samples. Based on the average value of property rights, most of the power plants investigated in this study are owned by the government, which is consistent with the reality in China. The minimum value of the logarithm of green technology innovation is zero (GTI = 0) and the maximum value is 6.750 (GTI = 853), indicating that the number of green patent inventions of different power companies is quite varied. For the moderating variables, the standard deviation of the local economic development level is smaller than that of green technology innovation, but there are significant differences in the sewage charges per capita between the provinces.
TABLE 2 | The descriptive statistics of main variables.
[image: Table 2]4 EMPIRICAL RESULTS
4.1 The Impact of Carbon ETS on Power Plant Green Degree
4.1.1 The Impact of Carbon ETS on the Proportion of Clean Energy Power Generation
This study reflects the impact of carbon ETS on the power plants’ green degree, mainly by analyzing the influence of energy structure on power generation. The MDID model is used to estimate Eq. 1, and the results are presented in Table 3. In column (1), we show the estimated relationship between carbon ETS policy and green power generation structure, characterized by the percentage of clean energy power generation under the firm effect and time effect. Columns (2) and (3) contain the results of tests of the asset and financial characteristics of firms that have been gradually added. As a final control variable, the capability-level variables are added to the regression result in column (4), and the model is also our benchmark model. As we add control variables, the R2 value gets higher and higher, indicating that our regression model is fitting more and more accurately.
TABLE 3 | The regression results of the proportion of clean energy power generation.
[image: Table 3]In Table 3, it can be seen that the estimated coefficient of ETS is statistically significant only with firm and time-fixed effects. The coefficients of ETS remain significant after the addition of total control variables, and their signs do not change. This suggests that the estimated results are reasonably robust. According to the test results, China’s carbon ETS pilot program has a positive influence on the production of clean energy power and can effectively promote the transition to a green energy structure for power plants. All asset-level characteristics are significant as control variables in this study. The total assets (size) and capital expenditure ratio (asset value) of the power company to which the plant belongs can also contribute to the promotion of green transformation. The fixed asset ratio (financial structure stability) has a positive effect among financial-level control variables, whereas the assets and liabilities ratio (financial risk) does not pass the significance level test. In terms of capability-level characteristics, the coefficient of PR is negative, and this suggests that private power companies have greater advantages in achieving green transformation. Cash ratios also perform negatively, which is because when power companies set aside too much cash from their net profits, they do not have enough funds to support the installation of green transformation equipment. Unlike the two abilities, the return on assets ratio (profitability) has no significant influence. Our results show that characteristics involving assets and capital are more likely to affect the green degree of power plants.
4.1.2 The Impact of Carbon ETS on Power Generation
To help test the relationship between the carbon ETS policy and the green degree for power plants, this study examines the impact on clean energy power generation and thermal power generation. Using clean energy power generation and thermal power generation to symbolize the green degree of power plants and estimate Eq. 1, this paper obtained Table 4’s results. Columns (1) and (2) report the test results with and without the control variables when the explained variable is clean energy power generation. Columns (3) and (4) separately present the results for thermal power generation as the dependent variable.
TABLE 4 | The regression results of clean and thermal power generation.
[image: Table 4]Column (1) indicates that the coefficient of ETS is significantly positive at the 5% level, and the significance increases when the control variables in column (2) are included. The regression results suggest that the carbon ETS pilot has a positive effect on clean energy power generation and contributes significantly to green development for power plants. The coefficients of ETS are negative from column (3) to column (4), indicating that the carbon ETS pilot significantly decreases thermal power generation. The above two tests further confirm the main test conclusion that carbon emissions trading policies improve the proportion of clean energy power generation by increasing clean energy power generation and decreasing thermal power generation. From this, we can also conclude that the carbon ETS policy limits thermal power generation at the output end of business activities and positively impacts clean energy usage at the input end of economic activities, thereby promoting the transformation of the clean energy structure within power plants. Improving green degree relies on energy policy to directly adjust the energy structure and energy market. It requires the end of the corresponding management measures to force the input energy to be green and of high quality.
There are two reasons for this. On the one hand, the carbon trading market’s member power companies must control their carbon emissions by reducing the thermal power business of owning power plants, thereby completing their compliance target. Additionally, they desire to keep the company operating and growing, so they strive to minimize the reduction in total power generation as much as possible. In line with the future trend of green development in China, clean energy has been chosen as the main source of electricity generation. Therefore, the increasing effects of clean energy power generation and the decreasing effects of thermal power generation work together to increase the proportion of clean energy power generation and improve the green degree of power plants. On the other hand, as the carbon emissions trading system is improving, the “carbon emission cap” and “free carbon emission allowance” set by governments are gradually tightening. Therefore, member power firms must intensify their efforts and accelerate the pace of the transition to green energy sources.
4.2 Robustness Check
4.2.1 Parallel Trend Analysis
As with other types of DID models, one of the premises of MDID is to satisfy the parallel trend assumption (Bertrand et al., 2001). For the experiment group and control group, the trend of green degrees should be consistent both before and after policy implementation. This study utilizes the “Event Research” method to empirically test the dynamic effects of carbon ETS policy. Test (Eq. 2) is as follows:
[image: image]
In Eq. 2, M and N separately represent the number of periods before and after the policy time point. [image: image] is a dummy variable, if power firm i implements a carbon trading market during t + j, the value of it is 1, otherwise it is 0. For example, when j = −2, the dummy variable [image: image] indicates that power firm i participates in carbon ETS during the period t-2, and it examines the effect of carbon ETS on the green degree for power plants under the assumption that the policy implementation year is 2 years before the actual implementation year. Therefore, [image: image] measures the carbon ETS effect of the current period, [image: image] to [image: image] measure the carbon ETS effect of periods 1 to M before really participating in the carbon ETS, and [image: image] to [image: image] represents the ETS’s effects from period 1 to N after a realistic implementation year. Finally, if [image: image] to [image: image] are not significant with the benchmark group of the M = 1 period, it indicates that there is a common trend between the experiment group and the control group before the implementation of the carbon emissions trading pilot.
Figures 4‐6 show the estimated range of the interaction term coefficient of [image: image] under the 95% confidence interval. If the estimated range contained 0, [image: image] is not significant. Otherwise, it is significant. It can be seen that the interaction term coefficients of these three figures are all insignificant before the real implementation year for this policy, indicating that there is no significant difference between the experiment group and the control group before the participating carbon emissions trading market. Therefore, our sample meets the parallel trend test.
[image: Figure 4]FIGURE 4 | Parallel trend test result of the proportion of clean power generation.
[image: Figure 5]FIGURE 5 | Parallel trend test result of clean power generation.
[image: Figure 6]FIGURE 6 | Parallel trend test result of thermal power generation.
4.2.2 Placebo Test
In the process of estimating the impact of carbon ETS policy on power plants’ green degree, other unknown factors may affect the selection of pilot provinces. To further test whether the results are driven by such unobserved factors, a placebo test is required by randomly assigning pilot provinces (Chen et al., 2018). Specifically, this study samples 500 times in 103 listed power firms, randomly selects 34 virtual experimental groups as many as the real situation, and takes plants belonging to other power firms as the control group for re-regression. If the results are significant and around the true coefficient values, it indicates that the previous test results are biased. Figures 7‐9 report the distribution of ETS coefficients and the corresponding significance after 500 random allocations. In each figure, the red vertical dashed lines represent the true coefficient value of ETS and the red horizontal dashed lines represent the p-value = 10%. It can be seen that most virtual coefficients of ETS, are all far from the actual value and most of them are not significant at the 10% significance level, which shows that the green effect is caused by the exogenous impact of the carbon ETS policy and has little to do with other factors.
[image: Figure 7]FIGURE 7 | Placebo test result of the proportion of clean power generation.
[image: Figure 8]FIGURE 8 | Placebo trend test result of clean power generation.
[image: Figure 9]FIGURE 9 | Placebo trend test result of thermal power generation.
4.2.3 Other Tests
To further ensure the reliability of the test results, other three robust methods are used in this study. Firstly, add control variables and shorten the sample time period to eliminate the interference of other environmental policies from 2011 to 2020. According to the research of Wang et al. (2022), Liu et al. (2022), and Cheng et al. (2022), the main environmental protection policies in China from 2010 to 2020 are the “Environmental Protection Law of the People’s Republic of China” implemented in 2015, the “Environmental Protection Tax Law of the People’s Republic of China” implemented in 2018, and the “Carbon Peaking and Carbon Neutrality3” goals announced in 2020. Based on the results of the parallel trend test presented in this paper, we can exclude the interference of policies implemented before 2016, including the “Environmental Protection Law of the People’s Republic of China” in 2015. To limit the interference of the “Environmental Protection Tax Law of the People’s Republic of China” policy, we further control regional environmental laws, as measured by sewage charges and environmental taxes, and the results are shown in Panel (A) of Supplementary Table S6. The re-estimated results are still all significant and the signs do not seem to have changed. For other policies in 2017 and later, we delete the data from 2017–2020 to re-regress, and obtain the regression results reported in the Panel (B) of Supplementary Table S7. The conclusion is consistent with our mainstream analysis results. That is, carbon ETS not only significantly increases the proportion of clean energy power generation and clean energy power generation but also significantly decreases thermal power generation for power plants.
Second, change the dependent variables to exclude the bias from the dependent variable, and the results are shown in Panel (C) of Supplementary Table S8. This study replaces the power revenue with the power generation, which is also collected manually. The re-estimated results of the proportion of clean power revenue, clean energy revenue, and thermal power revenue are all significant, and the signs are the same as the previous results. Third, reduce the sample size to eliminate bias from the sample. After removing the extreme values at the 1% level and 99% level, all coefficients of ETS are still significant and have the same signs as the mainstream regression results, which can be seen from Panel (D) of Supplementary Table S9. The results of these three robustness tests show that the carbon ETS policy can increase the green degree of power plants by promoting the use of clean energy and limiting the use of thermal power, and this finding is not a result of factors other than the variables and samples used in this study. As of the length of the article, the regression results are not presented as a table in the main text (due to the limited number of figures, the tables in this section are provided as the Supplementary Material).
4.3 The Heterogeneous Factors of Carbon Emissions Trading on Power Plant Green Degree
According to the above analysis, China’s carbon emission trading pilot program can enhance the green degree of its power plants. Despite this, the resource endowment of the various provinces differs considerably, causing the economic growth patterns to differ, as well as the uneven development characteristics, especially for power firms. As a result, this study examines the potential influence of factors both inside and outside of the company on the green effect of the carbon ETS. Based on the company-level sample highly coinciding with the proportion of national clean electricity generation, the analysis may conceal regional differences to a certain extent. Therefore, Eq. 3 is developed.
[image: image]
Here [image: image] is the net effect of carbon ETS policy implementation. X n represents the possible moderators within the power firms, including debt to asset ratio, fixed asset ratio, and property rights nature, and the local economic development and environmental law enforcement are chosen as the external possible moderators, which are separately described by the local GDP per capita (LGDP) and local sewage fee or sewage tax per local GDP (ELE). [image: image] is the interactive term of carbon ETS policy and the moderators to be detected. Under the premise of the significant ETS coefficient, if the coefficient of [image: image] is significantly positive, it means that this moderator n helps carbon ETS policy achieve the green improvement for power plants. Conversely, if the coefficient of ETSi,t × Xn is significantly negative, the moderator n hinders the achievement of green improvement in power plants. The moderator n has no moderative effect when the coefficient of [image: image] is insignificant.
The heterogeneity analysis results are shown in Table 5. Column (1), column (2), and column (3) report the examined results of the firm-level moderators. The coefficient of ETS*FA is significantly positive while the coefficients of ETS*DTA and ETS*PR are significantly negative. This result suggests that the fixed asset ratio can improve the green efficiency of the carbon ETS policy and accelerate the green transition for power plants. However, the debt to asset ratio weakens the green efficiency of the carbon ETS policy and slows down the process of green energy structure transition. Moreover, compared to the state-owned companies, the private ones have a greener effect on carbon ETS pilots. Column (4) reports the examined result of regional economic development, and the result of environmental law enforcement is shown in column (5). Both the coefficient of ETS*InLGDP and the coefficient of ETS*ELE are significantly positive, which indicates that carbon ETS policies in provinces with higher levels of economic development and more expensive environmental pollution costs have better green effects on power plants. In general, a total of four moderating factors are found in this study, among them, the higher fixed asset ratio and economic development level, the stricter environmental enforcement, and the presence of privately-owned power plants tend to improve the green efficiency of carbon ETS policy.
TABLE 5 | The heterogeneity test results.
[image: Table 5]In the ratio of debt to assets, the financial leverage is reflected, which indicates the financial risk of the company in which the power plant is located. The greater the financial risk, the less likely the company is to obtain financing from a bank or other financial institution. If power companies need a great deal of financial support to achieve green transformation, a lower asset-liability ratio is more beneficial for the carbon ETS policy to have a green effect on power plants. The fixed asset ratio reflects, in part, the green power generation equipment owned by power companies that converts clean energy into electricity. As power companies increasingly possess more and more efficient green power generation equipment, driven by the carbon ETS policy, it becomes easier for them to realize the plan of replacing thermal power with green electricity and improve the efficiency of green power generation equipment to accelerate their green transformation. As a result, the higher the fixed asset ratio, the more the power company invests in green power generation equipment, and the more effective the carbon ETS policy is for power plants owned by power companies. Another important firm-level moderator for the carbon ETS is the power company’s property rights. Green policies such as carbon ETS may promote corporate social responsibility to a certain extent, thereby improving the green performance of power companies (Ang et al., 2022). This improvement in efficiency is commonly seen in private-owned power companies, so the carbon ETS policy results in greener power plants (Ang et al., 2022; Fan et al., 2022).
From the perspective of the power company, regions with high economic development levels often consume more electricity, which increases the demand for green electricity in the context of energy constraints and carbon emission reduction policies and thus promotes the green transition of power plants. Additionally, regional environmental law enforcement also plays a positive role in the carbon ETS policy’s effect. For those power companies with strict environmental enforcement in their locations, carbon ETS’s “compliance” mechanism further increases their carbon emission cost burden based on high pollution charges and environmental protection taxes, so it doubles the role of forcing power companies to make green transitions.
4.4 The Impact Mechanism of Carbon Emissions Trading on Power Plant Green Degree
Carbon emission trading can effectively promote green improvements for power plants in pilot provinces. How can this improvement be accomplished? Based on the literature review and theoretic analysis, the study examines the impact mechanism of China’s carbon emission trading system on power plants’ green improvements by examining green technological innovation as the mediator. Referring to the research of Baron and Kenny (1986), the following Eq. 4 and Eq. 5 are designed as follows:
[image: image]
[image: image]
Here [image: image] represents the mediating variable, that is, the level of green technology innovation of the power firm to which the power plant belongs. It is described by the cumulative number of inventions in green patents. The significance of [image: image] in Eq. 1 is used to test whether the carbon ETS policy has a significant impact on the green degree. Eq. 4 is used to examine the effect of carbon ETS policy on the mediating variable. Then incorporate the mediating variable into the benchmark model and Eq. 5 is acquired. The significance of [image: image] indicates whether carbon ETS policy still has a green effect after controlling the mediating variable. Combining these three equations, the existence of a mediating effect can be determined. Under the precondition of the significant [image: image], if [image: image] is significant, and [image: image] is not significant or significant but lower than [image: image], there is a complete mediation effect or partial mediation effect respectively. Otherwise, this factor has no intermediary effect.
The results are shown in Table 6. It can be seen from column (1) that the total effect of carbon ETS pilots on the power plants’ green degree is 0.122 at a 1% significance level. Column (2) reports the estimated result of carbon ETS policy on green technology innovation, and column (3) shows the result of the mediation by incorporating the green technology innovation into the benchmark model. From column (2), we can see that the carbon ETS policy has a positive impact on the number of green patent inventions at a significance level of 1%, indicating that the implementation of the carbon ETS pilots can effectively promote green technological progress, achieve green innovation, and reduce dependence on fossil energy. In column (3), the regression coefficient of the carbon ETS policy is significantly positive, and the value of it is 0.121, which is less than 0.122, indicating that the carbon ETS policy can achieve a green effect by promoting power firms’ green technological progress. Green technological innovation is a partial intermediary variable.
TABLE 6 | The results of the mechanical test.
[image: Table 6]This may be explained as follows. Having previously mentioned, with the gradual tightening of the “carbon emission cap” and “free carbon emission allowances”, members of the carbon ETS have decided to replace fossil fuel with clean energy to produce electricity. However, their current power generation equipment and technologies are only suitable for thermal power generation. Therefore, technological innovation is essential to successfully achieving the green transformation of thermal power plants. Similarly, to achieve carbon compliance goals, both thermal power plants and clean power plants are also working to develop more advanced technologies to reduce carbon emissions beyond the power generation process, such as transmission, transformation, and distribution.
5 CONCLUSION AND POLICY IMPLICATION
Environmental and energy problems have become increasingly serious, which has led to higher standards for green development. China, one of the main drivers of global economic growth, underpinned by the green energy structure transition target, must urgently improve policies’ efficiency and achieve a low-carbon development that is cost-efficient. However, there are few studies evaluating the effect of China’s carbon ETS policy on the green transition for the power sector, which is the key executor determining the success of this “carbon peaking and carbon neutrality” campaign. Based on this, this study manually collects a panel data set, comprising 1,030 observations from 103 listed power companies from 2011 to 2020, to investigate the impact of the carbon ETS on power plants’ green degree using a multiple-period difference-in-differences model. We conclude that: 1) A series of robustness test methods show that China’s carbon ETS significantly enhances the green degree, and this green transformation is achieved by increasing clean power generation and decreasing thermal power generation. 2) Heterogeneity test results demonstrate that the carbon ETS’s green effect is enhanced in private power plants. Further, decreasing the debt to asset ratio and increasing the fixed asset ratio of power companies to which the power plants belong as well as improving the level of economic development and penalties for environmental pollution can help strengthen the green effect of the carbon ETS pilot program. 3)The mechanism test result shows that the carbon emissions trading market can significantly increase the green degree by promoting green technological innovation, but it is not the only factor. These conclusions provide guidance for China to achieve the green energy structure transition and provide examples for green development for other countries through the application of market-oriented policies.
The following policy recommendations are derived from the above research conclusions. First, China should broaden the scope of the carbon ETS policy implementation and accelerate the establishment of the unified national carbon emissions trading system in the new stage of the green energy structure transition. The first national carbon market could take the form of a carbon ETS pilot, in which the power sector serves as the sole member sector and a “compliance” mechanism would be used to limit the power sector’s carbon emissions. In addition, the “carbon emission cap” and the “free carbon emission allowances” could be moderately tightened according to our findings. In promoting the green transition for and beyond the power sector, countries should place greater emphasis on market-oriented environmental policies. Second, China should formulate provincial balanced development strategies to prevent the disparities among power companies caused by imbalanced development and increase enforcement of environmental laws in provinces with a low amount of environmental protection taxes to improve the carbon ETS policy’s efficiency. Countries with similar conditions to China could refer to China’s experience when implementing carbon ETS policies. In the initial stages of carbon trading, the principle of allocating carbon emission rights could be based on free-form allocation, which gradually increases the proportion of paid carbon emission rights. A targeted principle considering different power companies and regions with significant moderating characteristics should also be incorporated into the final principle of carbon emission rights allocation. Third, China needs to create an environment that encourages green technology innovation through fiscal subsidies and tax incentives, and it needs to encourage power enterprises to actively explore new green technologies. The interaction and cooperation between environmental policies and other industrial policies should be given more attention by countries as a possible way to create the conditions for the green mediation effect. Finally, the power industry should increase its awareness of environmental responsibility and convert its power distribution systems voluntarily. It can be achieved by increasing environmental protection publicity and education activities for power companies and encouraging them to implement green development initiatives within their companies. Also, integrating carbon taxes into market mechanisms for carbon markets can increase the cost of carbon emissions for power companies, forcing them to make a voluntary green transition. There is a need for both China and other countries to continue developing clean energy vigorously, supplement the discovery of other influencing factors and mechanisms that affect the green transformation of the power sector, and explore measures that are more conducive to converting the power sector to a green energy structure.
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FOOTNOTES
1Carbon emission allowance represents carbon emission right. One carbon emission allowance is equal to one carbon emission right.
2China Stock Market Accounting Research (CSMAR) and Chinese Research Data Services (CNRDS) databases are research-based accurate databases in the economic and financial fields developed by China in accordance with China’s actual national conditions. They have been widely used by Chinese researchers.
3“Carbon Peaking and Carbon Neutrality” is China’s emission reduction target committed to the world. It means that carbon dioxide emissions will no longer increase before 2030 and will gradually decrease after reaching a peak. Before 2060, all carbon dioxide emissions will be offset by various methods such as tree planting, energy conservation, emission reduction, and carbon neutrality.
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Variables Sign Measurement and unites

Green degree PGPG The proportion of clean energy power generation (%)
INGPG  The logarithm value of clean energy power generation (10,000 KWh)
InTPG The logarithm value of thermal power generation (10,000 kWh)
INPGPR  The proportion of clean energy power revenue (%)
INGPR  The logarithm value of clean energy power revenue (yuar)
InTPR The logarithm value of thermal power revenue (yuan)
Carbon ETS policy ETS 0: Non-participating carbon trading market, 1: Participating carbon trading market
Company size InSize The logarithm value of the total asset (yuan)
Asset value CETA The capital expenditure to asset ratio (%)
Financial risk DTA Debt to asset ratio (%)
Financial structure stability FA Fixed assets ratio (%)
Management capacity PR Property rights. 0: Non-state-owned fim, 1: State-owned firm
Solvency [ The closing balance of cash and cash equivalents/current liabilties (%)
Profitabilty ROA Return on asses rafio (%)
Green technological imovation  In(GTI+1)  Annual cumulative number of green patent inventions during 2011-2020 (PCS). Then add 1 to it and do the logarithmic
processing
Local economic development  ILGDP The logarithm value of local GDP per capita (yuan/person)
Environment law enforcement  ELE ‘The number of sewage charges (before 2018) or environmental protection tax (after 2017) in each province or city divided by

local GDP
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