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Policy guidance and technological support are important driving forces for accelerating the process of carbon reduction and emission reduction, and the increase in carbon emissions in pilot provinces and municipalities has been reduced year by year since the implementation of the carbon emissions trading pilot in China. It is worth exploring what kind of influence science and technology innovation (STI) has played in this effectiveness. STI is both a macro policy and a micro economic activity. Panel data was collected for 30 provincial administrative units in China from 2008 to 2021, considering the carbon emissions trading pilot as a quasi-natural experiment. Starting from the positive impact of carbon emissions trading policy on emission reduction, we introduce the STI policy of national innovation demonstration zone and use the triple differences model to study the synergistic effect of the two policies. Further, continuous variables related to STI activities are substituted for STI policy, and a moderated test model is constructed to observe the impact of economic activities at different stages of STI on the effect of carbon trading policy. The conclusions of the study show that: (1) The policy of national innovation demonstration zones and the carbon trading policy can synergies with each other to promote emission reduction, and play the effect of 1 + 1>2, which is still robust after the parallel trend test and the individual placebo test; (2) The synergistic effect of the policy in the central and western regions is better than that in the eastern regions, and there is a large space for emission reduction in the future; (3) The positive effect of the carbon trading policy on emission reduction can be effectively amplified by STI activities. Enterprise scientific and technological capital investment, scientific and technological output, and technology marketization play an important role. China should steadily promote the policy of carbon emission right marketization, increase the support for STI activities, improve the incentive mechanism for scientific and technological talents, and continue to promote the marketization of scientific and technological achievements, so as to bring into play the greatest role of STI.
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1 INTRODUCTION
In response to global climate change, it has become the consensus of more and more countries to build market mechanisms to develop a low-carbon economy and gradually reduce carbon emissions. Since the “dual-carbon” goal was proposed, China has continuously strengthened the top-level design and micro-practice of the carbon market, and the pilot carbon emissions trading scheme started in 2013, which has been gradually extended to the whole country by provinces and cities such as Beijing, Tianjin, Shanghai, Guangdong, etc. In July 2021, China’s carbon emissions trading market will be fully launched, which the carbon emissions rights will be integrated into the national market system as tradable commodities and the world’s largest carbon market was formally established. Apparently, China’s carbon emissions have been under control since 2013, and the growth rate has slowed down, highlighting the effect of the implementation of the carbon trading policy. The control of carbon emissions and the realization of the “dual carbon” goal in the future will depend on the steady improvement of the economic base, the continuous adjustment of the energy and industrial structure, the common environmental awareness of the whole society, and the most crucial thing is technological innovation and application (Wen et al., 2014). Scientific and technological innovation is a major development strategy in China, and the proposal and implementation of this strategy precedes the implementation of carbon trading mechanism. On the one hand, low-carbon, zero-carbon and other related technological innovations can have a direct effect on the control of regional carbon emissions. On the other hand, technological innovations, such as digitization and the internet of Things, can influence the regional energy consumption structure and industrial structure, and indirectly contribute to the reduction of emissions. Therefore, the carbon emissions trading policy and technology innovation strategy are important guarantees for China’s future “dual-carbon” goal.
Scientific assessment of the effectiveness of carbon emissions trading policy is of great significance in guiding future system design and government decision-making. Policy is a catalyst for scientific and technological innovation, and scientific and technological innovation can in turn support the implementation of policy. The carbon emissions trading policy effectively integrates carbon resources on the demand and supply sides and establishes a platform for the exchange of resources (Du et al., 2023). The current carbon market, which does not include the main body of consumers, is able to link the elements between enterprises, forming a cycle of supply and demand for carbon rights between enterprises, and at the same time forcing enterprises with high carbon emissions to carry out technological innovation, so the level of regional scientific and technological innovation has also been strengthened. Under the support of technological innovation, the construction of carbon emissions trading platform and online trading can be realized, and the enthusiasm of regional carbon emissions trading can be improved. It is not difficult to find that there is an interaction between carbon emissions trading policy and technological innovation, so the policy evaluation cannot ignore technological innovation. In the path of carbon emissions trading policy to promote carbon reduction, can science and technology innovation play an enhanced effect? Do science and technology innovation strategies and carbon emissions trading policy work together effectively? What specific indicators play a key role in the input and transformation of STI? These questions need to be further investigated. The quasi-natural experiment nature of China’s carbon trading pilots since 2013 and the national innovation demonstration zones pilots since 2009 provides a good opportunity to study the role of STI in policy-driven emission reduction.
Reviewing the existing literature, Existing studies have empirically examined the effects of China’s carbon emission trading policy from various perspectives. As a market-based environmental regulation, the policy has not only significantly reduced carbon emission intensity and total emissions in pilot regions (He et al., 2023) but also generated a “double dividend” of emission reduction and industrial upgrading (Li and Lin, 2020; Li et al., 2022; Yu et al., 2023; Liu et al., 2019; Dong and Li, 2020; Liu et al., 2022). Beyond these core effects, the policy has also been found to impact broader socio-economic dimensions, such as enhancing urban resilience (Zhang et al., 2024) and improving regional energy efficiency (Zhang et al., 2021). The policy effects exhibit regional heterogeneity, with notable success in provinces like Guangdong, Tianjin, Hubei, and Chongqing (Li and Lin, 2020; Liu et al., 2019). Spillover effects are also observed in non-pilot regions, particularly in areas with lower industrial output and non-resource-based cities (Zheng and Guo, 2022).
Technological innovation plays a crucial role in carbon emission reduction, though its effectiveness is moderated by policy and regional conditions. Studies based on quasi-natural experiments, such as those involving National Innovation Demonstration Zones, confirm that technological innovation contributes to emission reduction and exhibits spatial spillover effects (Jing, 2023; Lan et al., 2022). Its impact is further influenced by factors such as human capital, fiscal capacity, and informatization levels (Wang et al., 2023; Han et al., 2024). Additional pathways include industrial structure upgrading, foreign investment, and government support (He et al., 2022; Wang et al., 2017; Huang et al., 2020). Synergistic effects are observed when innovation city policies are combined with innovation zones (Han et al., 2024). Quantitative studies highlight the importance of both conventional and breakthrough technologies in achieving carbon neutrality (He et al., 2022), while remote sensing data corroborate the positive role of technological advancement in reducing emissions (Wang et al., 2017). However, fiscal vertical imbalance can undermine innovation’s emission reduction effects (Ha and Zhou, 2023). Furthermore, green technology and IoT applications in agriculture are shown to moderate the effects of carbon trading policies (Pang et al., 2024).
It can be seen that carbon emissions trading policy and technological innovation are of great significance to emissions reduction, so what is the impact of the interaction between the policy and the science and technology elements in practice? Along this line of thought, much of the literature has only explored in-depth whether the policy promotes technological innovation in enterprises, and there is no literature to demonstrate the supportive role of technological innovation in the implementation of the policy. Wei and Ren innovatively divide the carbon emission right pilot policy into carbon price signalling and carbon trading, and find that carbon trading can effectively incentivise private enterprises to carry out green technological innovation (Wei and Ren, 2021). The scope of the study further extends to the region, and the carbon emissions trading policy can improve the regional green innovation efficiency by influencing the efficiency of the local government, the depth of the use of digital finance, and the level of local fiscal decentralization in three paths (Xiao et al., 2022). Based on the enterprises’ green invention patent application quantity, Ma et al. found that the pilot policy on the eastern cities and high carbon emission industry enterprise technological innovation effect is particularly obvious (Ma et al., 2021). In order to more accurately explore the impact of dual-carbon goal on technological innovation, Zhang et al. focus on industries and find that there is heterogeneity in the impact of policies on enterprises’ low-carbon technological innovation: the innovation level of electric power and aviation enterprises has been significantly improved (Zhang et al., 2020). Dividing enterprises into two categories based on whether they are involved in carbon trading, Zhu et al. find that enterprises participating in carbon trading have significant increases in low-carbon innovation and the direction and speed of innovation were more conducive to low-carbon development (Zhu et al., 2019). It also drove other technological innovations of enterprises in the two categories. However, Chen et al.'s conclusions are different from the above studies, they believe that under the influence of carbon trading policy, enterprises are more willing to reduce output instead of technological innovation, which reduces the proportion of green patent applications (Chen et al., 2021). Bartram et al. also hold a pessimistic attitude towards enterprise technological innovation, they believe that the carbon trading policy will lead to the enterprise transferring pollution sources, and the development of technological innovation and the actual carbon reduction effect of enterprises are not as expected (Bartram et al., 2022). Feng et al. further found that carbon emissions trading policy would inhibit non-green technological innovation (Feng et al., 2017). Chen et al., based on a potential benefit analysis framework, found that when the value of the marginal abatement cost is higher than the price of carbon, there is no incentive for any region to reduce emissions through technological improvements (Chen et al., 2020). This shows, under certain conditions, that the carbon trading policy has a positive effect on the low-carbon technological innovation of participating enterprises, but the impact on technological innovation of non-participating enterprises and non-green technological innovation is debatable, and whether technological innovation in turn can enhance the emission reduction effect of the carbon trading policy is yet to be demonstrated.
While both carbon trading policies and technological innovation contribute significantly to emission reduction, their interaction remains underexplored. Most literature focuses on the unidirectional impact of the policy on corporate innovation. For instance, carbon trading has been found to stimulate green innovation in private enterprises (Wei and Ren, 2021), with more pronounced effects in eastern regions and high-carbon industries (Ma et al., 2021). Sectors such as power and aviation show active low-carbon innovation (Zhang et al., 2020), and participating firms exhibit higher levels of low-carbon patent applications (Zhu et al., 2019). However, some studies present contrasting views, suggesting that firms may reduce output rather than innovate (Chen et al., 2021), relocate pollution (Bartram et al., 2022), or even reduce non-green innovation (Feng et al., 2017). Cost-benefit analyses also indicate that high marginal abatement costs may weaken incentives for technological upgrading (Chen et al., 2020).
In summary, although the individual roles of carbon trading and technological innovation in emission reduction are well-established, their synergistic relationship lacks in-depth investigation. Most studies focus on single-policy or single-technology pathways, leaving a gap in understanding how technological innovation enhances carbon trading policy effects.
To address this, our study introduces the National Innovation Demonstration Zone policy as an institutional proxy for technological innovation. We employ a triple difference model to identify the synergistic emission reduction effects of carbon trading and innovation policies. We further construct continuous indicators to represent different stages of technological innovation, replacing binary policy variables, to examine their moderating role (Balli and Sørensen, 2013). Finally, we analyze the interaction between policy and technology using marginal effect plots, providing actionable insights for regional emission reduction strategies.
2 ANALYSIS OF THE MECHANISM OF SCIENCE AND TECHNOLOGY INNOVATION TO ENHANCE THE EFFECT OF CARBON EMISSIONS TRADING POLICY
Pilot carbon emissions trading and pilot national innovation demonstration zones are both powerful policy tools for achieving quality and quantity control of carbon emissions. The advancement of regional industrialization and urbanization will lead to an increase in carbon emissions, which in turn generates negative environmental externalities. The carbon emissions trading policy is based on the Coase Theorem, and on the basis of clear property rights, carbon emissions rights are incorporated into the market system as a necessity for emission enterprises, so as to reduce the negative externalities generated by carbon emissions through market behaviour. The government issues a certain number of initial carbon quotas to the sewage enterprises, and the enterprises with less sewage demand obtain additional economic benefits by selling carbon quotas, while the enterprises with more sewage demand buy carbon quotas from the low sewage enterprises to obtain production permits. The marketization of carbon emission rights prompts the high sewage enterprises to change the energy consumption structure and actively carry out technological innovation in pursuit of green transformation through the path of cost, and ultimately achieves the goal of lowering the overall carbon emissions of the region. The reduction of regional carbon emissions is not only guided by the carbon emissions trading policy, but also requires strong scientific and technological support. The application of breakthrough low-carbon technologies has a direct role in reducing emissions, while other technological innovations, such as digitization, can strongly support the construction of carbon trading platforms and indirectly play a role in controlling carbon emissions. China started to set up national innovation demonstration zones in batches in some provinces in 2009, which can serve the high-emission enterprises by improving the policy mechanism and system, gathering funds, talents and other kinds of innovation elements, providing a science and technology financial platform, guiding the in-depth cooperation between industries, universities and research institutes. On the other hand, the national innovation demonstration zones play a role of policy guidance and incentives to attract high-quality and high-tech enterprises to settle in the area, which improve the degree of industrial aggregation and promote the transformation of regional energy and industrial structure through the spillover effect of technology, thus empowering low-carbon development. Some scholars have empirically found that national innovation demonstration zones can significantly reduce regional carbon emissions. This shows that carbon emissions trading policy and science and technology innovation policy can both effectively reduce regional carbon emissions.
In the practice of promoting the two pilot policies, there is bound to be interaction between the policies. Compared with the emission reduction effect of a single policy, the synergy of the two policies can produce better results, and science and technology innovation plays an important supporting role. In essence, carbon emissions trading pilot and national innovation demonstration zones are national policies, the former gives enterprises the right to trade carbon quotas independently, affecting the revenue or cost of sewage enterprises; the latter gathers innovation elements and efficiently carries out technological innovation to provide impetus for the development of enterprises. Two policies make joint efforts to promote emission reduction of enterprises by forcing them to transform and diffuse technology to realize the policy effect of 1 + 1>2. In addition, the efficient implementation of scientific and technological innovation activities in the National Innovation Demonstration Zone can also strongly guarantee the construction of the online platform for carbon emissions trading. Under the trend of digitization and intelligence, the carbon emission right trading of enterprises tends to be online trading, and the technical support can effectively reduce the cost of enterprises’ off-site trading, improve the overall trading efficiency, and provide guarantee for the transparency, security and data detection of the trading. Based on the above analysis, hypothesis 1 is proposed: carbon emissions trading policy and national innovation demonstration zone policy can synergistically promote the reduction of carbon emissions, and STI policy can significantly enhance the effect of carbon trading policy.
STI is both a macroeconomic policy and a microeconomic activity. In terms of the various stages of science and technology innovation, it mainly covers three stages: science and technology input, science and technology output and transformation of scientific and technological achievements. The elements of science and technology inputs include capital inputs and human inputs, i.e., R&D funds and R&D personnel; science and technology outputs are expressed in science and technology results, i.e., papers, patents, etc.; and the transformation of science and technology results is expressed in the application of the technology and the ability to be transformed in the market. Science and technology innovation is a continuous long-term process, from the input and output of science and technology innovation to the final realization of the transformation of results and market application, the enterprise is the main body of innovation. In the input stage of science and technology, the government will make financial allocations and policy support, and the enterprises themselves will invest their own funds and talents to carry out scientific and technological innovation activities; in the output stage of science and technology, the enterprises, through effective management and incentives, will transform the capital and human resources into scientific and technological achievements; in the stage of scientific and technological achievements transformation, the invisible hand of the market will promote the scientific and technological achievements to realize the trading. Decomposing the impact of each stage of science and technology innovation on the emission reduction effect of carbon emissions trading policy, the cost of purchasing carbon allowances is higher for high-emission enterprises, so the investment of scientific and technological capital and manpower can push enterprises to research and develop new technologies to accelerate green transformation. Scientific and technological achievements can be applied to the production activities of high-emission enterprises, directly reducing carbon emissions, lowering the cost of purchasing carbon allowances and improving corporate earnings. The market transformation of scientific and technological achievements accelerates the speed of industry transformation by speeding up the flow of technology and improving the efficiency of technology trading, eliminating enterprises with outdated technology and high carbon emissions. Carbon emissions trading policy guides the development direction of enterprises, and scientific and technological innovation activities can support the transformation and upgrading of enterprises and accelerate the elimination of backward enterprises, and ultimately achieve the goal of reducing carbon emissions. However, in these three stages, there is a risk of waste of resources and inefficient use of scientific and technological inputs, and there is a risk of failure of authorization and market transaction of scientific and technological achievements. While in the stage of transformation of the achievements, the technology achieves market realization, which means that the technology is applied to production, and it can play a role in conjunction with the carbon trading policy to a greater extent, then promote the reduction of carbon emissions. Therefore, hypothesis 2 is proposed: activities in all stages of science and technology innovation can provide strong support for the implementation of carbon emissions trading policy and effectively enhance the effect of emission reduction, among which the transformation of scientific and technological achievements has the greatest positive impact.
3 EMPIRICAL STUDY ON THE ENHANCEMENT OF CARBON EMISSIONS TRADING POLICY EFFECT BY SCIENCE AND TECHNOLOGY INNOVATION
In order to explore the synergy between science and technology innovation policy and carbon emissions trading policy, in the context of China’s gradual trial implementation of carbon emissions trading policies in three batches in seven provinces and municipalities, namely, Beijing, Tianjin, Guangdong, Shanghai, Hubei, Chongqing, and Fujian, which started in 2013, we treat the carbon emissions trading pilot as a quasi-natural experiment, and firstly use a multi-temporal difference-in-differences model to evaluate the effect of the implementation of the independent policy. On this basis, the national innovation demonstration zones are introduced to portray the science and technology innovation policy. Based on the policy background that 21 provinces such as Beijing, Hubei and other provinces have successively set up national innovation demonstration zones since 2009, the triple differences model is used to study the effect of the control of carbon emissions under the synergistic effect of two policies. The effect of the independent policy will be compared with the effect of the independent policy. The marginal effect is also observed with the help of marginal analysis diagram.
3.1 Sample selection and data sources
The study takes 30 provincial administrative units in China as the research object, excluding the sample of Tibet, and selects the panel data from 2008-2021 to evaluate the effect of carbon emissions trading policy and its synergistic effect with STI policy based on the multi-temporal difference-in-differences model and triple-differences model. All data are from China Carbon Accounting Database (CEADs) and the National Bureau of Statistics (NBS). The explanatory variables are the carbon emission level of each province and city, the core explanatory variables are the policy variables, the control variables were selected with reference to the existing literature, including the level of economic development, population, industrialization and urbanization, and the government’s environmental policy, while the moderating variables were selected according to the stages of STI, which are selected as follows. And the explanation of each indicator is shown in Table 1.
	The explanatory variables are chosen to portray the carbon emission level of 30 provinces and cities, which are logarithmised.
	The core explanatory variables are policy variables, including a binary dummy variable for carbon emissions trading policy and a binary dummy variable for national innovation demonstration zones.
	Among the control variables, GDP per capita is used to portray the level of economic development, the total population is used to portray the population size, the proportion of the secondary industry and the number of industrial units above the large-scale industry is used to portray the level of industrialization, the proportion of urban population is used to portray the level of urbanization, and the investment in forest fixed assets of the forestry system completed in the current year is used to portray the government’s environmental protection policy, capturing the scale of fiscal input into ecological conservation. In order to avoid the influence of extreme values, all the above continuous variables are reduced and logarithmised to a uniform scale.

TABLE 1 | Variable selection table.	Variables	Selected indicators	Notation	Unit
	Explanatory variable	Carbon emission levels	Carbon footprint	Emission	megaton
	Policy duality virtual variable	Carbon market	Carbon emissions trading pilot
	Science, technology and innovation	National innovation demonstration zone
	Control variable	Economic development	GDP per capita	GDP	Yuan/person
	Size of population	Total population	Population	Ten thousand people
	Industrialization level	Share of secondary sector	Industry	%
	Number of industrial enterprise units above designated size	Enterprises	%
	Urbanization level	Share of urban population	Town	Unit
	Government environmental efforts	Forestry system forestry fixed assets completed investment for the year	Wood	Million
	STI moderator variable	Government capital support	Financial expenditure on science and technology	Expenditure	Million
	Enterprises’ talents investment	Full-time equivalent of research and development (R&D) personnel	Talents	Man-year
	Enterprise capital investment	Intensity of research and development (R&D) funding	Intensity	%
	Patent results	Actual domestic patent grant rate	Authorization	%
	Marketable Applications	Technology market turnover	Market	Million


Among the moderating variables, according to the different stages of STI, the input stage of STI is measured by indicators of government financial expenditure on science and technology, enterprise talent and capital investment; the output stage of STI is measured by patent results; the transformation stage of STI is measured by the amount of technology marketed. The data for the three indicators of financial expenditure on science and technology, input of scientific and technological personnel and turnover in the technology market have been logarithmised and reduced.
Table 2 reports the results of the descriptive statistical analysis of the explanatory, control and moderating variables. It is observed that the logarithmic mean of carbon emissions of 30 provinces and cities in China except Tibet is 5.594, the standard deviation is 0.792, and the maximum value is 7.649, which indicates that there is a large difference in the level of carbon emissions in China. That is related to the imbalance of regional economic development, and side by side reflects that there is still much room for emission reduction in the future. For the control variables, due to the existence of regional development differences, China’s provinces and municipalities in the economy, industrialization, urbanization, population and environmental policies in several aspects of the large differences, which indicates that the control variables selected for this study are valid and control the following variables to better ensure the robustness of the regression results. Among the moderating variables, the financial expenditure on science and technology, talent investment and technology market transactions of 30 provinces and cities in China are large, with large differences between provinces. As for the actual patent grant rate, the mean value is only 0.153 and the standard deviation is 0.072, which needs to be improved overall.
TABLE 2 | Descriptive statistical analysis of variables.	Variable	Obs	Mean	Std. Dev	Min	Max
	Emission	420	5.594	0.792	3.469	7.649
	GDP	420	10.725	0.533	9.462	11.966
	Population	420	8.197	0.742	6.347	9.404
	Industry	420	3.758	0.236	2.945	4.055
	Enterprises	420	8.864	1.200	5.932	11.016
	Town	420	4.021	0.221	3.497	4.492
	Wood	420	13.426	1.120	10.323	16.080
	Expenditure	420	13.332	1.117	10.692	15.924
	Talents	420	11.117	1.189	8.345	13.536
	Intensity	420	1.621	1.108	0.384	6.010
	Authorization	420	0.153	0.072	0.055	0.399
	Market	420	13.747	1.869	9.103	17.620


3.2 Econometric modelling
The study begins with a quasi-natural experiment using a pilot carbon emissions trading policy to simulate the difference between control and treatment groups in 30 provinces and cities in China over time, eliminating the effects of other confounding factors, and applying difference-in-differences methods to estimate the net effect of the policy on carbon emission levels.The pilot was launched in 2013 in four provinces and cities (Beijing, Tianjin, Shanghai and Guangdong), and was followed by the addition of Hubei and Chongqing to the pilot in 2014, then Fujian joined the pilot at the end of 2017. Since 2013, 2014 and 2018, when the seven provinces and municipalities started to pilot the policy in batches, are taken as the time points. Beijing, Tianjin, Shanghai, Guangdong, Hubei, Chongqing and Fujian are taken as the treatment groups, the multi-temporal difference-in-differences model is constructed as follows:
emissionit=α0+α1didit+βXit+μi+vt+εit(1)
Model (1) is a multi-temporal difference-in-differences model based on the carbon emissions trading pilot policy, which emissionit denotes the carbon emission level, i.e., the carbon emissions of each province and city. didit is the policy core explanatory variable, which is a dummy variable for whether province or city i has implemented the carbon emissions trading policy in year t. If a province or city i has implemented the policy in year t, it is assigned the value of 1, otherwise it is assigned the value of 0. μi and vt denote individual fixed effects and time fixed effects, respectively. εit is the random disturbance term. α1 is the coefficient of interest, which can indicate the change in carbon emissions per unit of enhancement of the carbon trading policy.
After evaluating the effects of the independent implementation of the carbon emissions trading policy on carbon emissions, the science and technology policy of National Innovation Demonstration Zones was introduced to further explore the role of science and technology innovation in the effects of the carbon emissions trading policy. During the sample period, 21 provinces and cities have established national innovation demonstration zones in batches after 2009. The study takes the provinces and municipalities where both policies are being implemented as the treatment group, which is still Beijing, Tianjin, Shanghai, Guangdong, Hubei, Chongqing and Fujian. The year in which both policies are implemented in a particular province or municipality is seen as the time point, the triple differences model is constructed as shown in Equation 2.
emissionit=σ0+σ1coordinationit+σ2didit+σ3innovationit+γXit+ρi+τt+δit(2)
Model (2) is a triple differences model based on the pilot carbon emissions trading policy and the national innovation demonstration zone policy. The emissionit expressed carbon emissions are the explanatory variables. The main core explanatory variable is coordinationit, which is a dummy variable for whether province or city i implemented both policies in year t. If a province or city i implemented both the carbon emissions trading policy and the national innovation demonstration zone in year t, it is assigned a value of 1, the opposite is assigned to 0. didit and innovationit are dummy variables for two policies acting independently. Xit are control variables, and ρi  and τt  denote individual fixed effects and time fixed effects, respectively. δit are random disturbance terms. σ1 is the coefficient of interest, which shows how the level of carbon emissions changes for each unit of synergy between the two policies.
3.3 Benchmark regression results
Table 3 reports the results of the regression of model (1) on the impact of the implementation of a single carbon trading policy on carbon emissions. Columns (1) and (2) report the positive impacts of carbon trading policy on carbon emission reductions. With the inclusion of control variables, each unit enhancement in policy implementation is able to significantly reduce carbon emissions by e0.135 units at the 1 per cent level, which is about 1.146 million tonnes.
TABLE 3 | Difference-in-differences model regression results.	Variable	(1)
Emission	(2)
Emission
	Carbon trade	−0.166***	−0.135***
	(0.035)	(0.034)
	Individual fixed effects	Yes	Yes
	Year fixed effects	Yes	Yes
	Constant	5.617***	0.501
	(0.008)	(1.941)
	Observations	420	420
	R2	0.970	0.976


***, ** and * indicate significant at the 1 per cent, 5 per cent and 10 per cent levels, respectively.
Table 4 reports the regression results of model (2), i.e., the impact of the synergy between carbon emissions trading policy and STI policy on the level of carbon emissions. Policy collaboration in columns (1) and (2) is the core coefficient of interest, indicating that there is a strong controlling effect on carbon emissions when two policies simultaneously implemented. After controlling for economic, demographic, and other differences, each unit of enhanced policy collaboration reduces carbon emissions by e0.106 units, which is about 1.112 million tonnes. It is noteworthy that among the control variables, the increase in per capita gdp and the implementation of environmental protection policy can also significantly control carbon emissions, indicating that economic development is still the top priority for achieving emission reduction.
TABLE 4 | Triple differences model regression results.	Variable	(1)
Emission	(2)
Emission
	Policy collaboration	−0.119***	−0.106***
	(0.042)	(0.038)
	Carbon trade	−0.066	−0.051
	(0.043)	(0.037)
	Innovation	0.024	0.025
	(0.028)	(0.024)
	GDP		−0.541***
		(0.121)
	Population		0.792***
		(0.233)
	Industry		0.348**
		(0.138)
	City		−0.036
		(0.230)
	Enterprises		0.366***
		(0.057)
	Invest		−0.034**
		(0.015)
	Individual fixed effects	Yes	Yes
	Year fixed effects	Yes	Yes
	Constant	5.611***	0.967
	(0.012)	(1.938)
	Observations	420	420
	R2	0.970	0.976


***, ** and * indicate significant at the 1 per cent, 5 per cent and 10 per cent levels, respectively.
Carbon trade and innovation indicate the impact of the implementation of only one policy on carbon emissions, respectively. It can be seen that the establishment of national innovation demonstration zones did not reduce carbon emissions, but through the synergistic effect of the two policies, there is a significant decrease in carbon emissions. This shows that the interaction between STI policy and carbon trading policy can significantly promote emission reduction, and the two together achieve the goal of 1 + 1>2, which also reflects the enhanced role of science and technology innovation in promoting emission reduction by carbon trading policy.
3.4 Marginal analysis of policy synergies
The core regression coefficients reported in the above regression results, which test the positive impact of the interaction of the two policies on emission reductions, but it is not possible to test the marginal effect of a single policy on emission reductions in this impact, so the marginal effect of the carbon emissions trading policy is further analyzed.
Figure 1 reports the marginal effects of the carbon emissions trading policy, with the blue areas indicating provinces and cities that do not have national innovation demonstration zones, and the red areas indicating provinces and cities that have national innovation demonstration zones. The short blue line indicates the significant interval of the marginal effect on emission reduction in provinces and cities without carbon trading policy, and the short red line indicates the significant interval of the marginal effect on emission reduction in provinces and cities with carbon trading policy. From the figure, it can be seen that in the provinces and cities with national innovation demonstration zones, the emission reduction effect is better for the individuals who implement the carbon trading policy, and their carbon emission level is significantly lower than that of the individuals who do not implement the carbon trading policy, which indicates that the science and technology innovation policy effectively amplifies the effect of the carbon trading policy on the emission reduction.
[image: Graph depicting adjusted predictions with 95% confidence intervals for emissions based on innovation levels. The upper plot shows the linear prediction of emissions with confidence intervals, categorized by innovation status (0 or 1). The lower bar graph indicates frequency distribution by innovation status, with blue for innovation equals zero and red for innovation equals one.]FIGURE 1 | Map of marginal effects of carbon emissions trading policy under policy synergies.According to the background of the policy implementation, it is found that the provinces and cities without national innovation demonstration zones have not implemented the carbon emissions trading policy at the same time, and it is found that there is no significant difference in the level of carbon emissions by observing the marginal effect on the left side of the figure, which indicates that the synergistic effect of the policy is significant. In summary, it can be concluded that: (1) the science and technology innovation policy can amplify the positive impact of the carbon emissions trading policy on emission reduction, which has a significant supporting effect; (2) the synergistic effect of the two policies on emission reduction is significant.
3.5 Robustness tests
Robustness tests were conducted from time and individual to ensure the robustness of the regression results. The parallel trend test was used in time to test whether there was a significant difference between the treatment and control groups before the policy was implemented, and the placebo test was used in individual to randomly select the treatment and control groups to test the effect of counterfactual policy implementation.
3.5.1 Parallel trend test
Before the implementation of the policy, the carbon emission trend of the samples of the experimental group and the control group should be a parallel trend, and whether the sample data satisfy the assumption of parallel trend is a prerequisite for guaranteeing that the estimation results of the above model have good precision and unbiased consistency. The test results of the difference-in-differences model and triple-differences model are shown in Figure 2. Figure 2a shows the results of the parallel trend test based on the carbon emissions trading policy. Before the implementation of the carbon emissions trading policy, the level of carbon emissions fluctuated around the value of 0, and the estimated coefficients were not significant at the significance level of 10%, which indicated that before the implementation of the policy, there was no significant difference between the carbon emissions of the treatment group and the control group, so the parallel trend test was passed. In the policy implementation period carbon emissions produce a significant effect, and with the increase in the time of policy implementation, in the fourth period carbon emissions appear to further decline.
[image: Two line graphs compare difference-in-differences and triple differences on relative time from -3 to 4. Both show downward trends with "Coef" plotted on the y-axis and error bars for each point.]FIGURE 2 | Parallel Trend Test Plot. (a) Difference-in-differences. (b) Triple differences.Figure 2b shows the results of the parallel trend test based on the two policies of carbon emissions trading and the national innovation demonstration zone, with 2013, the year in which the two policies first intersected during the implementation period, set as the period of synergistic implementation of the policies. The results show that the estimated coefficients of carbon emission levels are not significant at the 10% significance level before the two policies interact, which indicates that there is no significant difference between the carbon emissions of the treatment group and the control group before the interaction between the policies, so the parallel trend test is passed. While carbon emissions decreased significantly during the period of policy interaction, and the reduction effect increased further with the increase in policy implementation time.
3.5.2 Individual placebo test
In order to further test the reliability of the regression results, the following randomly select experimental group and control group, conduct a counterfactual individual placebo test, the test results are shown in Figure 3. Figure 3a shows the results of the placebo test based on the carbon emissions trading policy, with seven provinces and cities randomly selected as the experimental group and the remaining provinces and cities as the control group. After 500 samplings, according to the distribution of the coefficient value of the counterfactual policy implementation effect, the random sampling coefficient shows a normal distribution with 0 as the mean, and there is no sampling coefficient located on the right side of −0.17. The placebo test is established, that is, there is no policy effect in the randomly selected experimental group and the control group.
[image: Two side-by-side density plots compare statistical methods. Plot (a) shows a bell-shaped curve for difference-in-differences estimators, centered around zero. Plot (b) presents a similar bell-shaped curve for triple differences estimators, also centered around zero. Both graphs display density on the vertical axis and estimator values ranging from negative point two to point two on the horizontal axis. The dashed vertical line on each graph is at zero.]FIGURE 3 | Individual placebo test plot. (a) Difference-in-differences. (b) Triple differences.Figure 3b shows the results of the placebo test based on the synergistic terms of the two policies of carbon emissions trading and the national innovation demonstration zone, with seven provinces and cities randomly selected as the experimental group and the remaining provinces and cities as the control group. After the same 500 samplings, it can be seen from the figure that the values of the coefficients of the counterfactual implementation effects are all normally distributed around the value of 0, and there is not a single sampling coefficient located on the right-hand side of −0.16, where the placebo test holds. This suggests that there are no policy effects in the randomly selected experimental and control groups under either a single policy or a quasi-experiment with two policies in concert. The conclusions of the baseline regression analysis are reliable.
3.6 Heterogeneity test
From the statistical analysis of control variables, China as a whole has the situation of unbalanced development among regions, which is reflected in the level of economic development, the level of industrialization and urbanization, and the size of population. In order to further analyse the synergistic effect of different regional policies and observe the supporting role played by science and technology innovation, the following 30 provinces and cities are divided into eastern and central-western regions according to the national regional division standard. The heterogeneity test is conducted based on model (2), and the regression results are shown in the Table 5:
TABLE 5 | Results of the regional heterogeneity test.	Variable	(1)
Emission	(2)
Emission
	Policy collaboration	−0.150**	−0.095*
	(0.065)	(0.051)
	Carbon trade	−0.069	0.115**
	(0.054)	(0.053)
	Innovation	0.010	0.106***
	(0.030)	(0.032)
	GDP	−0.930***	0.335***
	(0.181)	(0.128)
	Population	1.636***	0.806*
	(0.309)	(0.422)
	Industry	0.387**	−0.479**
	(0.159)	(0.206)
	Town	−0.378	1.113***
	(0.387)	(0.350)
	Enterprises	0.416***	0.257***
	(0.067)	(0.093)
	Invest	−0.002	−0.004
	(0.027)	(0.012)
	Constant	−1.457	−10.187***
	(2.367)	(3.439)
	Observations	280	140
	R2	0.970	0.994


***, ** and * indicate significant at the 1 per cent, 5 per cent and 10 per cent levels, respectively.
Column (1) reports the regression results for the central and western regions, while column (2) reports the regression results for the eastern region. Policy collaboration is the core coefficient of interest, which indicates the impact of policy synergy on carbon emissions, while Carbon trade and innovation indicate the impact of the implementation of a single policy on carbon emissions, respectively. The results show that two policies working together can effectively reduce carbon emissions in both eastern and central-western regions. However, the synergistic effect of the policies in the central and western regions is better than that in the eastern region, for every unit of policy synergy, carbon emissions can be reduced by e0.15 units, which is about 1.162 million tonnes. In the eastern region, each unit of policy synergy can reduce carbon emissions by e0.095 units, which is about 1.1 million tonnes. Looking at the impact coefficients of individual policies on emission reductions, it is found that the implementation of science and technology innovation policies or carbon trading policies in the eastern region does not have a significant impact on carbon emissions, which further suggests that synergy between the two policies plays a key role.
4 EXAMINATION OF THE MODERATING ROLE OF SCIENCE AND TECHNOLOGY INNOVATION
4.1 Modelling
In the previous section, the positive effects of carbon emissions trading policy and its synergy with science and technology innovation policy on the control of regional carbon emissions were investigated with the help of difference-in-differences and triple-differences models, and the conclusion was drawn that science and technology innovation can support and enhance the effect of the implementation of carbon emissions trading policy. In order to explore which stage and corresponding indicators play a key role in science and technology innovation, the following is based on model (1) and introduces adjustment variables and constructs a difference-in-differences model with adjustment variables. The explanatory variables and control variables are consistent with the above. The model is constructed as shown in Equation 3.
emissionit=α0+α1didit+α2techit+α3didit×techit+μi+vt+εit(3)
Model (3) is a difference-in-differences model based on Equation 1 after introducing adjustment variables, and emissionit is the explanatory variable, indicating the carbon emissions of each province and city. The main core explanatory variables are didit×techit, which is the interaction term with moderating variables, indicating the interaction between carbon emissions trading policy and STI-related indicators. There are five indicators used to portray techit. didit is a dummy variable for policy implementation. techit is the continuous variable indicating STI, and Xit are the control variables. The μi and vt denote individual fixed effects and time fixed effects, respectively. εit is the random disturbance term. α3 is the coefficient on which the study focuses, which can indicate the impact of the interaction between carbon emissions trading policy and STI activities on carbon emissions, i.e., the coefficient on the moderating effect of STI on the mechanism of policy implementation for emission reduction.
In order to make the coefficients more comparable, all the moderating variables were decentred before regression[26]. Decentring is the process of subtracting the mean from each of the variables so that the new data sample has a mean of 0. This process not only reduces the problem of multicollinearity that may exist between the variables in the regression model, but also better explains the results of the regression and clarifies the economic meaning of the regression coefficients when the range of values of the moderating variables does not include zero. Before the continuous variables are decentred, the coefficient indicates the impact of each unit change in carbon emissions trading policy on carbon emissions when the value of the regulating variable is 0. After decentring, it can be concluded that when the value of the regulating variable is the mean value, the impact of each unit change in carbon emissions trading policy on carbon emissions.
4.2 Regulatory mechanism test results
Table 6 shows the regression results of model (3), which reports the impact of the interaction between STI and carbon trading pilot policy on carbon emissions after introducing the moderating terms of the indicators related to STI activities at different stages, i.e., the coefficients of the interaction terms that are the focus. It can be found that the interaction of government financial expenditure on science and technology, enterprise human resource input and policy respectively at different stages of STI activities does not significantly affect carbon emissions, while the interaction of three STI activities, namely, enterprise funding intensity, actual patent grant rate and technology marketization, with policy all positively control carbon emissions at the 1% level.
TABLE 6 | Reconciliation test regression results.	Variable	(1)
Emission	(2)
Emission	(3)
Emission	(4)
Emission	(5)
Emission
	Carbon trade	−0.103**	−0.117***	−0.010	−0.129***	−0.050
	(0.045)	(0.044)	(0.038)	(0.033)	(0.049)
	Expenditure	−0.077**				
	(0.039)				
	Carbon trade × Expenditure	−0.020				
	(0.029)				
	Talents		−0.211***			
		(0.055)			
	Carbon trade × Talents		−0.013			
		(0.032)			
	Intensity			−0.204***		
			(0.042)		
	Carbon trade × Intensity			−0.087***		
			(0.021)		
	Authorization				−0.046	
				(0.171)	
	Carbon trade × Authorization				−1.073***	
				(0.273)	
	Market					−0.007
					(0.016)
	Carbon trade × Market					−0.058***
					(0.022)
	Year fixed effects	Yes	Yes	Yes	Yes	Yes
	Individual fixed effects	Yes	Yes	Yes	Yes	Yes
	Constant	−0.911	−3.991*	−1.481	0.295	0.873
	(2.092)	(2.311)	(1.842)	(1.940)	(2.005)
	Observations	420	420	420	420	420
	R2	0.976	0.977	0.978	0.977	0.976


***, ** and * indicate significant at the 1 per cent, 5 per cent and 10 per cent levels, respectively.
In terms of the degree of emission reduction, when the intensity of enterprise funding is taken at the mean level, for every unit increase in the policy, the regional carbon emission is reduced by e0.095,which is about 1.09 million tonnes. When the technology marketization amount reaches the mean value, the regional carbon emissions will decrease by e1.073 units, which is about 2.92 million tonnes. When the patent granting rate reaches the mean level, for every unit increase in the policy, the regional carbon emissions decrease by e0.058 units, which is about 1.6 million tonnes. It can be seen that the patent achievements of science and technology innovation can enhance the emission reduction effect of the carbon emissions trading policy, followed by the intensity of enterprise investment and the amount of technology marketization. Comparing the moderator coefficients with the policy coefficients, it is found that the moderator coefficients of these three STI activities are larger than the policy coefficients, which also shows that STI can effectively amplify the positive effect of the pilot policy on emission reduction.
4.3 Marginal analysis of regulatory effects
Since the results of the above moderation test cannot conclude the impact of policy on emission reduction when STI indicators change, the study further analyses the marginal effects of STI activities or policy on carbon emissions with the help of marginal effect diagrams. Figures 4a–c report the marginal effects of carbon emissions trading policies on carbon emissions as the capital investment of enterprises, patent granting rate and technology marketization level increase respectively. The red solid line represents the marginal value change of pilot provinces and cities on carbon emissions, the blue solid line represents non-pilot provinces and cities, and the red and blue dashed lines indicate the confidence intervals. It can be found that, with the increase of enterprise capital investment, patent authorization rate, the marginal effect of the pilot policy on carbon emissions are negative, while the technology marketization cash amount is less, the impact of the policy on emission reduction is not obvious, with the gradual increase in the amount of technology marketization cash, the negative impact of the policy is gradually revealed.
[image: Three graphs comparing adjusted predictions with 95% confidence intervals for "Intensity," "Authorization," and "Market." Each panel contains a main line graph and a smaller graph depicting patterns over centered values, with lines for did equals zero (blue) and did equals one (red) showing emission trends.]FIGURE 4 | Marginal effects of carbon trading policy on carbon emissions. (a) Intensity. (b) Authorization. (c) Market.Schumpeter’s innovation theory and Rogers’ diffusion of innovations theory also reveal the lag effect of technology. Following the emergence of new technologies, their successful commercialization and market penetration are prerequisites for widespread adoption and subsequent impacts. A temporal gap exists between a technology’s inception and its practical application. Consequently, for carbon markets, novel technologies must undergo market validation, trading, and implementation before they can genuinely deliver emission reduction benefits and be integrated into industrial production processes. In practice, a further time lag persists between a technology’s successful trading and its large-scale adoption by enterprises. The emission reduction effects stemming from technological marketization are not occur instantaneously.
Based on the symmetry of the interactions, the study adds the analysis of the marginal effects of STI activities in the context of pilot or non-pilot provinces and cities. Figures 5a–c report the marginal effects of firms’ S&T capital investment, patent granting rate and technology marketization level on carbon emissions in the case of implementing and not implementing carbon trading policy, respectively. The red colour represents individuals who implement the carbon trading policy and the blue colour represents individuals who do not implement the policy. It can be found that under the policy background, the enterprise science and technology capital investment, patent authorization rate and the amount of technology market transaction have significant negative effects on carbon emissions, which indicates that not only science and technology innovation can amplify the positive effect of policy on emission reduction, but also the policy can improve the efficiency of science and technology innovation on emission reduction, i.e., science and technology innovation and policy can regulate each other in terms of their positive effects on emission reduction.
[image: Three side-by-side graphs labeled a, b, and c display the conditional marginal effects with 95% confidence intervals for Intensity, Authorization, and Market. Each graph has two sections: the top shows linear predictions of emission with color-coded confidence intervals, and the bottom section presents frequency bars labeled did equals zero and did equals one.]FIGURE 5 | Marginal effects of STI activities on carbon emissions. (a) Intensity. (b) Authorization. (c) Market.5 CONCLUSIONS AND RECOMMENDATIONS
The implementation of the carbon emissions trading policy has been tested in practice to play a positive role in controlling carbon emissions in pilot provinces and cities, and the commercialization of carbon emissions into market trading can effectively promote the realization of the “double carbon” goal. There is no literature on the impact of science and technology innovation in the mechanism of policy-driven emission reduction, but science and technology, as an important support for emission reduction and the construction of a carbon trading platform, has a self-evident role in this mechanism. An in-depth study on whether STI can interact with carbon emissions trading policy to have a positive effect on emission reduction and amplify the policy effect is of great practical significance for enterprises to improve their STI activities, for the government to improve the policy framework of the carbon market and improve the mechanism of STI. It can also provide empirical evidence for the development of regional low-carbon economy and the realization of the “dual-carbon” goal. The study takes 30 provinces and cities in China as samples from 2008-2021, and obtains the following conclusions and provides relevant suggestions after empirical tests:
5.1 Enhancing policy synergy and regional coordination
The implementation of the carbon emissions trading (CET) policy has been empirically proven to effectively control carbon emissions in pilot provinces and cities. Furthermore, the integration of science and technology innovation significantly amplifies this emission reduction effect.
5.1.1 Strengthen the top-level design of policy coordination.
Given that the synergistic effect of the CET policy and the National Innovation Demonstration Zone policy achieves a “1 + 1>2” outcome, it is recommended to break down administrative barriers and establish inter-departmental coordination mechanisms. Specifically, the allocation of carbon emission quotas could be linked to corporate STI performance. For instance, enterprises that achieve breakthroughs in low-carbon technologies or possess a high number of green patents could receive certain quota incentives or flexibility, thereby directly coupling market mechanisms with innovation incentives.
5.1.2 Implement regionally differentiated policy guidance.
The empirical results indicate that the synergistic emission reduction effect is more pronounced in the central and western regions. Therefore, policy support should betilted towards these regions:
Eastern regions: Focus on leveraging existing advantages to pioneer breakthroughs in core low-carbon technologies and high-value technology commercialization.
Central and Western regions: Actively promote the simultaneous implementation of CET and NIDZ policies, utilizing policy tools to guide the flow of innovative elements such as technology, talent, and capital from the east. Support should be provided to establish regional technology trading markets and green technology achievement transformation platforms tailored to local industrial characteristics, fully unlocking their greater potential for emission reduction.
5.2 Refining the full-chain support system for science and technology innovation
The regulatory mechanism test reveals that enterprise R&D funding intensity, patent grants, and technology market turnover significantly enhance the emission reduction effect of the CET policy, whereas government S&T expenditure and enterprise personnel input did not show a significant impact. This suggests the need for precise improvements across the STI chain:
5.2.1 Optimize the input structure and efficiency of innovation resources.
Government fiscal S&T expenditure should Shift from broad subsidies to targeted, performance-oriented funding. Support should be concentrated in key low-carbon technology areas, and a post-evaluation mechanism should be established to ensure funds are truly channeled into innovative activities and enhance their utilization efficiency.
Enterprises should refine their internal talent incentive systems, linking the assessment and remuneration of S&T personnel more closely to innovation output and emission reduction performance to stimulate endogenous motivation for innovation.
5.2.2 Accelerate the output and market-oriented application of innovation achievements.
Improve patent examination standards for green and low-carbon technologies, streamline the authorization process, and enhance the “gold content” and conversion rate of patents.
Given that the enhancing effect of technology marketization becomes more apparent as transaction volumes increase, efforts should be made to build a unified, standardized, and efficient technology trading service platform. This will reduce transaction costs, accelerate the transformation and application of S&T achievements, and shorten the cycle from R&D to marketization.
In conclusion, achieving the “dual-carbon” goal requires not only the continuous improvement of the carbon market mechanism but also the deep empowerment of STI. By strengthening policy coordination, implementing precise measures tailored to regional contexts and specific innovation stages, and promoting the effective alignment of government and market forces, the positive effects of the CET policy on emission reduction can be maximized.
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