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Green innovation has been the crucial and fundamental channel for efficient emission reduction and high-quality realization of the “Dual Carbon” goals. This paper provides novel evidence for the industry-level effect of Emission Trading Scheme (ETS) on green innovation. Specifically, adopting the supply chain Stackelberg model and the multi-period DID model, we demonstrate both theoretically and empirically that the ETS has an overall significant promotion effect on green innovation both in compliance and non-compliance industries. Surprisingly, the promotion effect in non-compliance industries will be stronger, forced by the costs pass-through from up-stream compliance industries. Furthermore, we also find that the carbon price level can amplify the positive effect of the ETS on industry green innovation in the short run, while the price volatility weakens the effect of the ETS in the long run. Our findings shed light on the inherent effects of ETS on green innovation and suggest that policymakers should stabilize the carbon prices so as to encourage green innovation.
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1 INTRODUCTION
The “Dual Carbon” goals are environmental targets set by the China government to address both carbon dioxide (CO2) emissions and carbon intensity. Specifically, China government pledges to achieve two following objectives simultaneously, known as Carbon Emission Peak and Carbon Neutrality. The former is to cap its total CO2 emission at a certain level by 2035 and reduce them gradually, while the latter is to balance the amount of carbon emissions and removal or offsetting. To neutralize the carbon emissions, China government emphasizes the role of “green innovation,” which provides new environment-friendly technology to the manufacturing industries. The ultimate goal of green innovation is to strengthen the environmental protection through new technologies, promote the recycling and efficient utilization of resources, improve production efficiency, and finally accelerate the transformation to high-quality economic development. Compared with emission reduction through production cuts, green technology upgrading can better promote long-term sustainable, non-recurring, high-quality carbon reduction and emission reduction. Therefore, green innovation is the necessary way and fundamental guarantee for efficient emission reduction and high-quality realization of the “Dual Carbon” goals.
The emissions trading scheme (ETS) has been shown to be an effective market-oriented instrument for carbon neutrality and reduction in greenhouse gas emissions (Du M. et al., 2023). Generally speaking, ETS can reveal the cost of CO2 emission via continuous trading, which helps firms accurately estimate the return of green innovation. Hence, ETS can, to some extent, encourage firms to carry out green innovation. Admittedly, there is a growing body of related studies testing this hypothesis, but most of them mainly focus on the regional (Yao et al., 2021; Zhao et al., 2023a) or firm-level (Wang et al., 2022; Liu and Liu, 2023). Literatures have not yet paid attention to the impact of the ETS on the wider industry-level green innovation. Compared to firm-level innovation, industry-level green innovation includes more information about the technological breakthroughs by the firm and the utilization of the out-source technologies from the universities and the research institutes, which can comprehensively reflect the technological level. Moreover, unlike regional or firm-level studies, the industry-level green innovation is subjected to interdependence between up-stream and down-stream industries, which is known as “supply chain network.” Hence, it is not trivial to assert what effects of the ETS program should have on different industries because the up-stream firms could pass the regulatory costs onto down-stream firms.
Therefore, we exploit the pilot program of Guangdong provincial carbon market to investigate this issue. Compared to other surrounding regions, Guangdong provincial carbon market has following advantages.1 On the supply side, the carbon market in Guangdong has a longer history, and has already developed more matured mechanisms such as auction and trading for the participants. This, in turn, strengthens the incentives of firms to engage in the management of carbon assets, and fosters a more liquid market for revealing carbon prices. On the demand side, Guangdong has the largest and strongest manufacturing sector in China. Given its first place of gross regional products (GRP) in China, Guangdong also witnesses huge amount of carbon emissions to the atmosphere, which is ranking fourth in the country. Hence, there’s a high demand for firms in Guangdong to curb their carbon emission costs in the near future. In addition, the high-quality carbon emissions data also facilitates the opacity of trading systems. The MRV (Monitoring, Reporting and Verification) mechanism in the Guangdong pilot market requires the firms to submit consistent carbon emissions data to the regulator on a daily basis, which improves the information quality of ETS.
How does the green innovation look like in Guangdong then? We measure the green innovation by the number of green patent applications, and illustrate its dynamics in Figure 1, where the dark (light) curve represents compliant (non-compliant) industries. Starting from 2006, we observe a slow but steady increasing trend in green innovation. However, this may be due to the patent application subsidy program issued by the Guangdong government since 2007. This subsidy program is not targeted at specified patents, which is reason why we do not observe difference in both kinds of industries. However, after the first launch of the ETS in 2013 (the vertical dashed line), the difference in green innovation starts to be significant. Interestingly, we find that the increase in non-compliance industries is higher than that of compliance industries. In this paper, we try to theoretically and empirically investigate the inherent explanation for this observation.
[image: Figure 1]FIGURE 1 | Industry-level green patent applications (in logarithm) in Guangdong Province. Note: The vertical dotted lines indicate when the two batches of compliance industries were included in the Guangdong pilot ETS, i.e., 2013 and 2017.
We first provide a Stackelberg model to explain the firm’s green innovation decisions, which incorporates the influence mechanism of the ETS on the green innovation level of compliance industries and non-compliance industries. To simplify our analysis, we assume that compliance industries are up-stream industries providing intermediate good (such as steels, electricity, etc.) as inputs in the production of down-stream industries (such as textile, fabricated metals, electronic machinary, etc.), which is assumed to be non-compliance industries. Our theoretical model shows that, while the regulation on carbon emissions has ambiguous effects on the green innovation of compliance industries, it will increase the price of such intermediate good to pass the cost onto down-stream industries. Thus, the down-stream industries have greater incentives to adopt the green technology to reduce the dependence on such products. Hence, our model hypothesizes that the green innovation will be stronger in non-compliance industries. In what follows, we label this hypothesis the “cost pass-through mechanism.”
Then we test our hypothesis empirically using the industry-level data of Guangdong province. Specifically, we treat the introduction of ETS as a quasi-experiment and examine the effects on industry-level green innovation. The empirical result shows that the ETS effectively improves the green innovation level of compliance industries and non-compliance industries, and the promotion effect on green innovation of non-compliance industries is relatively stronger. This is inline with our theoretical hypothesis about cost pass-through in the supply chain. This difference in policy effects stems from the cost pass-through mechanism, whereby non-compliance industries have stronger incentives to carry out green innovation and adopt recycling technologies instead of purchasing upstream products due to the pressure of emission costs from upstream compliance industries. Further analysis demonstrates that, carbon price and its volatility have significant moderating effects on the effects of the ETS. A smooth increase in carbon price helps to amplify the effects of the ETS in promoting industry-level green innovation.
Our contributions to the extant literature are threefold. First, we provide an explanation in theory for the introduction of ETS on industry-level green innovation from the perspective of supply chain network. Unlike the extant literature, we find that down-stream industries will enhance their green innovation in response of the rising costs from up-stream industries induced by the regulation on carbon emissions. This helps scholars to better understand the inherent mechanism of environmental regulations on the different industries. Second, we disentangle the casual effects of ETS on up-stream and down-stream industries separately from the complicated supply chain network. Our empirical results support this cost pass-through mechanism, providing new evidence of spillover effects of ETS on green innovation via supply chains. The last contribution is that we add to the extant literature by emphasizing the new role of stable carbon prices on enhancing green innovation. Just as other types of innovation, green innovation is a long-run process, which requires smooth cash flows. The volatility of carbon prices will reduce the accuracy of firm’s estimation of future market value of carbon assets and thus is detrimental to persistent green innovation.
The remains of this paper are organized as follows. Section 2 provides a theoretical model to investigate how the ETS affect green innovation, and develop three research hypotheses through the model as well as reviewing some related literature. Section 3 is our research methodology, and the empirical results are discussed in Sections 4, 5 concludes.
2 THEORETICAL MODEL AND RELATED LITERATURE
2.1 A stackelberg-type model for green innovation
Following Julien (2018) and Wang et al. (2021), we conduct a theoretical study based on the supply chain Stackelberg model and introduce the emission coefficient decision-making behaviors of representative firms to represent the industry’s green technology innovation. We focus on three scenarios, namely the unconstrained scenario, the rewarding policies constrained scenario, and the carbon trading system constrained scenario, respectively. China’s climate policy has gone through three phases of “pollution prevention and resource conservation - energy saving and emission reduction - low carbon transition”.2 From the beginning of the 21st century to 2010, the “energy saving and emission reduction” was emphasized, and the rewarding and subsidy policies were the main force to motivate various economic entities to reduce emissions.3 Since 2010, the “low-carbon transition” was emphasized (Du et al., 2022; Liao et al., 2023), and the market-oriented means such as the ETS were designed to economically constrain the emission behavior of economic entities. Therefore, comparing with the unconstrained environment, we focus on the differences on the influence of green innovation in the industry of these two types of policies, i.e., the rewarding policies and the ETS.
Specifically, the model consists of an upstream manufacturing industry that supplies primary products to the downstream industry, and a downstream industry that produces and sells final products. The downstream industry makes production decisions based on the demand for the final product and purchases the corresponding amounts of primary product from the upstream, while the upstream industry makes pricing decisions for the primary products based on the demand for the final products. The upstream industry has market power, acting as the leader in the supply chain, while the downstream industry is the follower. Practically, the industries regulated by the ETS are often in the upstream, with relatively higher emissions. Assume that the upstream industry is a high-emission industry, which would be listed as a compliance industry after the launch of the ETS.4 The downstream industry is assumed to have a relatively low level of carbon emissions. Therefore, it is assumed that the upstream industry has a higher emission coefficient.
2.1.1 Unconstrained scenario
First, consider the unconstrained scenario (labeled with N). A representative firm in the upstream industry (Firm 1) faces production costs [image: image], and its primary product output decision is closely related to downstream final product demand, assuming that [image: image], where [image: image] and [image: image] are the output of primary and final products, respectively. [image: image] is the quantity of primary product required for each unit of final product production, indicating the sensitivity of final product production on the primary product production. It is assumed that the demand for primary products per unit of final product is caused by the green production technology gap between upstream and downstream industry, i.e., the gap in the emission coefficients, where the emission coefficient is the amount of carbon emissions produced per unit of output. The larger the technology gap, the lower the demand for primary products per unit of final product, i.e., the lower the [image: image]. Assume that the [image: image] is a linear function of the technology gap, i.e., [image: image], where [image: image] and [image: image]. The sales price of the primary product is [image: image], which is decided by upstream industry.
A representative firm in the downstream industry (Firm 2) purchases primary products from a representative firm in the upstream industry (Firm 1) to produce final products. Assume that Firm 2 faces primary product procurement costs [image: image] and final product production costs [image: image]. Assume that the market demand for the final product obeys [image: image], then the profit optimization problems of the representative firms of upstream and downstream industries in the unconstrained scenario are shown in Eqs 1, 2, respectively:
[image: image]
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Solve this supply chain Stackelberg system by backward induction. The optimal sales price of the upstream representative firm (Firm 1) is shown in Eq. 3, and the optimal output of the downstream representative firm (Firm 2) is shown in Eq. 4:
[image: image]
[image: image]
Obviously, in the unconstrained situation, the emission coefficients of the upstream and downstream representative firms have no influence on their decision-making behaviors, such as price and output. This suggests that without institutional constraints, there is no incentive for both upstream and downstream industries to take the initiative to carry out green innovations in order to reduce their emission coefficients.
2.1.2 Rewarding policies constraint scenario
In this section, the rewarding policies constraint scenario is considered (labeled with J). Under an reward-based policy, the representative firms in both industries would be rewarded with a certain amount of money after reducing their emission coefficients. Assume that the representative firm [image: image] will be rewarded with an amount of [image: image], where [image: image] is a fixed rewarding coefficient. The profit optimization problems of representative firms in upstream and downstream industries are then shown in Eqs 5, 6:
[image: image]
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where [image: image] is the adjusted emission coefficient for the upstream representative firm, and [image: image] is the adjusted emission coefficient for the downstream representative firm. [image: image] is the green technology innovation cost of representative firm [image: image], and [image: image] is the green innovation cost coefficient of representative firm [image: image]. Compared with the initial emission coefficient, the greater the reduction of the adjusted emission coefficient, the higher the total cost in green innovation. If the firm does not carry out green innovation, the emission coefficient remains the same as the initial level, i.e., [image: image] .
Equations 5, 6 form the Stackelberg model of the supply chain under the rewarding policies constraint scenario. The optimal sales price and the optimal emission coefficient of the upstream representative firm (Firm 1) are shown in Eqs 7, 8. The optimal output and the optimal emission coefficient of the downstream representative firm (Firm 2) are shown in Eqs 9, 10:
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In terms of operation decisions, the rewarding policy has no effect on the optimal operation decisions of both upstream and downstream industries. Compared with the unconstrained scenario, the optimal sales price decision of upstream representative firm and the optimal production decision of downstream representative firm remain unchanged under the rewarding policies constraint scenario.
In terms of green innovation decisions, the rewarding policy can promote green innovation and reduce the emission coefficient in both upstream and downstream industries. The promotion effect depends on the proportion of the reward amount to the R&D cost. Meanwhile, the promotion effect is stronger for the upstream industry (i.e., compliance industry). On the one hand, the promotion effect of rewarding policies on green innovation in the industry is highly dependent on the reward amount, and the industry’s operation decisions are not influenced by green innovation decisions, so the industry lacks independent incentives for green innovation (Shao et al., 2021; Xia et al., 2022). On the other hand, the rewarding policy has a stronger promotion effect on green innovation in compliance industry. But when the production costs [image: image] and [image: image] increase, the [image: image] would decrease rapidly, leading to a diminishment in the policy effect of rewarding policies on green innovation in compliance industries.
This result shows that rewarding policies can promote green innovation in the industry, but their effect is mainly determined by the magnitude of rewards. It is difficult to effectively stimulate the industry to carry out green innovation independently and spontaneously. It is also difficult to efficiently guide the social capital to invest in green production technology transformation with government input. Therefore, the effects of rewarding policies are likely to be limited by the scale of government input.
2.1.3 ETS constraint scenario
Finally, consider the ETS constraints scenario (labeled with Y). After the launch of the ETS, the upstream industry has to pay additional emission costs. In order to reduce the additional emission costs, the upstream industry makes the decision of emission coefficient and reduces the expenditure of emission costs through green innovation. Under the constraint of the ETS, the profit optimization problem of the representative firm in upstream industry is shown in Eq. 11:
[image: image]
where [image: image] is the adjusted emission coefficient for the upstream representative firm. [image: image] is the additional emission cost that the upstream representative firm has to pay. [image: image] is the carbon emission. [image: image] is the carbon price formed in the carbon emissions trading market.
Downstream industry does not have to pay additional emission costs, but under the influence of technological upgrading in the upstream industry, it also makes decision on emission coefficient to adjust its reliance on primary products through green technology innovation. The downstream industry carries out green innovation to reduce the purchase of primary products and the related costs by enhancing the recycling of raw materials. It is assumed that the inventory value obtained by the downstream industry through raw material recycling is the product of the inventory value coefficient and the reduction in the demand for primary products per unit of final product, i.e., [image: image]. [image: image] is the adjusted emission coefficient of the representative downstream firm. The higher the level of green innovation in the downstream industry, the greater the reduction in the emission coefficient, then the greater the inventory value gained from recycling. Without loss of generality, it is assumed that the adjusted emission coefficient of the upstream industry is still higher than that of the downstream industry, i.e., [image: image]. Under the ETS constraint, the profit optimization problem of the representative firm in the downstream industry is shown in Eq. 12:
[image: image]
Equations 11, 12 form the Stackelberg model of supply chain under the ETS constraint. The optimal sales price and the optimal emission coefficient of the upstream representative firm are shown in Eqs 13, 14.5 The optimal output and the optimal emission coefficient of the downstream representative firm are shown in Eqs 15, 16:
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2.2 Discussion on theoretical results and related literature
In terms of the upstream industry’s sales price decision, as shown in Eq. 13, the optimal sales price is higher under the ETS constraints compared with the unconstrained scenario. The higher the optimal adjusted emission coefficient, the higher the optimal sales price. On the one hand, this indicates that the additional emission costs to be paid by the upstream industry will be partially transferred to the downstream industry, which increases the cost of the downstream industry purchasing the upstream primary products. On the other hand, it also indicates that the green innovation of the upstream industry can reduce the impact of the above cost passthrough mechanism on the downstream procurement cost.
In terms of the downstream industry output decision, as shown in Eq. 15, the optimal final product output in the ETS constraint scenario is less than that in the unconstrained scenario. The higher the optimal emission coefficient of the upstream industry, the less the optimal output of the downstream final product. On the one hand, this suggests that the above upstream cost passthrough mechanism will increase downstream procurement costs and reduce downstream output levels. On the other hand, it also indicates that the green innovation of the upstream industry effectively reduces the negative impact of the cost passthrough mechanism on downstream production, which helps improve the production stability of the downstream industry. The upstream industry carries out green innovation and reduces the emission coefficient, effectively controlling the increase in the selling price of primary products and ensuring the smooth operation of the supply chain.
In terms of green innovation decisions in upstream and downstream industries, as shown in Eqs 14, 16, under the ETS constraint, it is difficult to determine the degree of reduction of the emission coefficient of the upstream industry, while that of the downstream industry is significantly observed. For the upstream industry, it is difficult to theoretically examine the effect of the ETS on the reduction of the emission coefficient. The function form is complicated, with a variety of parameters involved in the function. The upstream industry is assumed as the compliance industry. Therefore, it is found that there is a strong uncertainty in the effect of the ETS on green innovation in compliance industries.
For the downstream industry, the ETS can effectively reduce the emission coefficient. The reduction degree [image: image] is influenced only by the sensitivity coefficient of downstream product to the demand of upstream products regarding technology gap [image: image], the downstream green innovation cost coefficient [image: image], and the coefficient of inventory value gained from recycling [image: image]. Obviously, it is more certain that the ETS can promote green innovation of non-compliance industry (assumed as downstream industry), compared to the compliance industry. The higher the coefficient of inventory value gained from recycling, the stronger the incentive for green innovation in non-compliance industry, then the greater the degree of reduction of emission coefficient. This suggests that, in order to hedge the cost passthrough from compliance industry, non-compliance industry reduces the emission coefficient by carrying out green innovation, improving the recycling level of upstream primary products. This helps reduce its reliance on upstream primary products [image: image], and further help the cost control and profit maximization of the downstream industry.
Furthermore, compare the degree of green innovation in compliance and non-compliance industries. The condition [image: image] leads to [image: image]. The condition [image: image] implicates that the non-compliance industries gain the recycling inventory value [image: image]. Therefore, when the gain from recycling is relatively large, i.e., the value coefficient [image: image] is large, then the non-compliance industries have higher incentives on green innovation. If the recycling value coefficient [image: image] is small, the non-compliance industries cannot reduce the cost burden through green innovation, which leads to a reduction in final product production. In this situation, the compliance industries may have stronger incentives on green innovation than the non-compliance industries do, in order to avoid a large reduction in primary product demand. This indicates that, in order to reduce the reliance on primary products of the compliance industry [image: image], and to gain the recycling inventory value, the non-compliance industry needs to pay more attention to green innovation than the compliance industry, leading to a higher degree of green innovation.
Relevant literatures have found that, the impact of the ETS on green innovation is still controversial. At the firm level, some studies have found that the carbon trading system can effectively promote green innovation in compliance firms (Borghesi et al., 2015; Wang et al., 2022; Liu and Liu, 2023). Mo et al. (2016) and Lin and Tan (2021) both theoretically find that the ETS effectively promote green technology investment. However, Chen et al. (2021) finds that the ETS pilot markets in China reduce the proportion of firms’ green patents, indicating a negative effect on firms’ green innovation. At the regional level, some studies have found that the ETS only has a positive effect on green innovation in some regions (Yao et al., 2021; Zhao et al., 2023a), and even a short-term negative effect in some regions (Zhang et al., 2022). In addition, Du et al. (2021) finds that China’s ETS effectively promotes the level of green innovation in the pilot regions, but has a negative effect on the green innovation in their neighboring regions.
Previous studies have not focused on the effect of the ETS on green innovation in the industry level yet, especially considering the transmissions effect among supply chain. Considering the transmissions effect among supply chain, the existing literatures mainly focus on the effect of the ETS on emission reduction (Zakeri et al., 2015), corporate competitiveness (Wang et al., 2018), and raw materials purchasing strategies (Ma et al., 2018). The effect of the ETS on the industry-level green innovation and its mechanism among the supply chain have not been studied. Yu et al. (2022) adopts the Chinese listed companies’ sample and finds that, the ETS effectively promotes green innovation in downstream firms, but inhibits green innovation in upstream firms. However, their findings are mixed with disturbing factors such as the implementation differences of the ETS pilots within different regions, which may lead to the misjudgment of policy effects. Based on the existing literatures, combined with the theoretical results Eqs 14, 16, we propose Hypothesis 1.
Hypothesis 1. The ETS can effectively promote industry green innovation, and the effect on non-compliance industry would be stronger than that on compliance industry.
Further, we consider the internal mechanism for the ETS promoting green innovation in different type of industries. The theoretical results reveal that, the heterogeneous promotion effects on compliance and non-compliance industries stem from the cost passthrough mechanism. Under the ETS constraint, the compliance industry pays additional emission costs, part of which will be passed on to the non-compliance industry (Eq. 13). In response to this cost pressure, the non-compliance industry reduces its reliance on the primary products from the compliance industry (Eq. 15) by carrying out green innovation and enhancing recycling capacity (Eq. 16), which aims to reduce the operating costs. The compliance industry tries to avoid a decrease in the demand for its primary products (Eq. 15), carrying out green innovation in order to mitigate the increase in the price of primary products (Eq. 13), which will alleviate the cost pressure on the non-compliance industry. Under this mechanism, the non-compliance industry has a stronger incentive to carry out green innovation aiming to reduce production costs, which means that green innovation may help reduce the operating costs of the non-compliance industry. If the level of green innovation is low in the non-compliance industry, the incentive for green innovation in the compliance industry would be subsequently lower. Then the non-compliance industry would be subject to a more severe cost passthrough and rising operating costs.
Cost passthrough phenomenon are found in a large body of theoretical literatures concerning the policy effects of the ETS in various aspects (Demailly and Quirion, 2008; Chaabane et al., 2012). Some literatures even directly introduce cost passthrough mechanism into the theoretical models (Wang et al., 2018). Recent studies have begun to measure the extent of cost passthrough and its impact on social welfare. Marin et al. (2018) finds that the EU ETS raises price markups by about 1.5%–3.2%. Ju and Fujikawa (2019) find that after the launch of China’s national ETS in 2021, the regulated power sector passes the additional emission costs to various manufacturing industries, with a higher degree of cost passthrough to carbon trading pilot regions. They find that the cost passthrough leads to carbon emissions leakage from the pilot regions to non-pilot regions, with higher profits and higher household consumption levels in non-pilot regions. However, the existing literatures have not yet focused on innovation activities under the cost passthrough mechanism. Therefore, combining the theoretical model and related literatures, we propose Hypothesis 2.
Hypothesis 2. The ETS reduces operating costs in non-compliance industries by promoting green innovation.
Further consider the influence of market performances in the ETS on the ETS promotion effect. The theoretical results show that the degree of green innovation in compliance industry is affected by the carbon price and its volatility (Eq. 13). The representative firm anticipates the level of emission costs based on their expectations of the future carbon price, and thus adjusts the operation and innovation decisions.
The recent literatures have likewise found a similar phenomenon. It is found that the carbon price and the volatility have significant impacts on carbon emission reductions (Li et al., 2017; Wu, 2022), firms’ total factor productivity (Wu and Wang, 2022), financial market performances (Knight, 2011; Adekoya et al., 2021; Zhao et al., 2023b), macroeconomic development (Lin and Jia, 2019) and many other aspects. Among them, some literatures have found a positive effect of carbon price on green innovation (Cui et al., 2014). However, the effect of carbon price volatility on innovation, especially on green innovation, is controversial. Some literatures argue that higher volatility promotes firm innovation (Weber and Neuhoff, 2010; Lv and Bai, 2021). A number of literatures, however, find that the carbon price stability can effectively promote innovation, especially green innovation (Zakeri et al., 2015; Venmans, 2016; Yao et al., 2021; Yu et al., 2022). Combining the theoretical results (Eq. 13), we examine the moderating effect of carbon price and its volatility on the ETS promotion effect in industry-level green innovation. We propose Hypothesis 3.
Hypothesis 3. There is a moderating effect of carbon price and its volatility on the effectiveness of the ETS in promoting green innovation in compliance industries.
3 METHODOLOGY
3.1 Econometric models
Based on the theoretical study by the supply chain Stackelberg model, we find that the ETS has a heterogeneous promotion effect on the green innovation of compliance industries and non-compliance industries. The promotion effect of the ETS on green innovation of compliance industries is difficult to determine, while that of non-compliance industries is more obvious. To verify Hypothesis 1, we adopt a multi-period DID model, and simultaneously examine the treatment effects on the experimental group and the control group, empirically testing the effects of the ETS on green innovation in the two types of industries. We adopt Eq. 17 to verify Hypothesis 1:
[image: image]
where [image: image] denotes the green innovation level of industry [image: image] in year [image: image]. Following relevant literatures such as Chen et al. (2021) and Liu and Liu (2023), we use two proxy variables for the green innovation, which are the natural logarithm of the number of green patent applications [image: image], and the proportion of green patent applications [image: image], respectively. The proportion of green patent applications [image: image] is strictly within the interval of [0,1], so the Tobit model would be estimated when [image: image] is the dependent variable. [image: image] is the ETS treatment variable, indicating the inclusion of compliance industries in the carbon market. [image: image] is the control group variable, indicating the non-compliance industries, which were not included in the ETS. [image: image] indicates the launching time of the ETS, taking the value of 1 for the industry [image: image] after its inclusion in the ETS, and 0 otherwise. The coefficient [image: image] measures the effect of the ETS on the green innovation level of the compliance industries. The coefficient [image: image] measures the effect of the ETS on the green innovation level of non-compliance industries.[image: image] are the control variables. Following related literatures and considering data availability, we control three categories of variables as follows. First, the industry scale is controlled (Hu et al., 2020), including the number of enterprises and the asset size in the industry. Second, the industry development level is controlled (Zhang et al., 2019; Hu et al., 2020), including the industry’s industrial value added and export share. Third, the industry risk level is controlled (Zhang et al., 2019), including the leverage ratio and the current ratio in the industry. All continuous variables are winsorized at the (1%, 99%) interval. The fixed effects [image: image] including industry fixed effects and year fixed effects are controlled, in order to control the relevant factors not incorporated in the model.
Some literatures point out the lag in the impact of policy implementation on the level of innovation, especially patent output (Chu et al., 2019). Therefore, in order to systematically and comprehensively test the comprehensive impact of the ETS on industry green innovation, we separately consider the lead period [image: image], and adopt Eq. 17a to verify Hypothesis 1:
[image: image]
Further, the mechanism underlying the heterogeneous policy effects is examined. The theoretical results reveal that the heterogeneous promotion effect of the ETS on green innovation between compliance and non-compliance industries stems from the cost passthrough mechanism. The ETS requires the compliance industries to pay additional emission costs, part of which would be passed onto the non-compliance industries. Under the pressure of the rising costs, the non-compliance industries are forced to reduce their reliance on primary products from the compliance industries, by carrying out green innovation to enhance the recycling capacity. Under this mechanism, the non-compliance industries have stronger incentives to carry out green innovation aimed at reducing production costs, which means that green innovation may help reduce the cost ratio of the non-compliance industry. If the level of green innovation is low in the non-compliance industries, the incentives for green innovation in the compliance industries would be subsequently lower, and then the non-compliance industries would be subject to a more severe cost passthrough and increasing ratios. To verify this cost passthrough mechanism, we also adopt the multi-period DID model to test Hypothesis 2, empirically testing the moderating effect of green innovation on the effect of the ETS on the cost ratio of the two types of industries. We use Eq. 18 to verify Hypothesis 2:
[image: image]
where [image: image] denotes the cost ratio of industry [image: image] in year [image: image], which is strictly in the interval of [0,1]. Tobit model is used for estimation. The parameter [image: image] indicates the moderating effect of green innovation on the impact of the ETS on the cost ratio of non-compliance industries.
Finally, we examine the differences in the effects of the ETS on the promotion of green innovation under different environments. We conduct a heterogeneity analysis based on the perspective of the market performances of the ETS. The theoretical results reveal that, after the launch of the ETS, the green innovation decisions of non-compliance industries are not affected by the market performances, while that of compliance industries would be affected by the performances. We focus on the two factors of the market performances, carbon price and its volatility, respectively. We empirically test the moderating effect of carbon price and its volatility on the impact of the ETS on promoting green innovation in industries. We adopt Eq. 19 to verify Hypothesis 3:
[image: image]
where [image: image] denotes the average carbon price in the compliance year [image: image]. [image: image] denotes the volatility of the carbon price during the compliance year [image: image].6 When firms make decisions on their production and operation in the year [image: image], the market price of the corresponding allowances for the year’s emissions has not yet been formed. Then the firms can hardly know the emissions cost burden for sure. The firms need to make decisions based on the historical price level and fluctuation in the previous compliance year [image: image]. Therefore, the carbon price and its volatility indicators are treated with a one-period lag in the estimation.
3.2 Data sources
In order to accurately and comprehensively examine the effect of the ETS on the level of green innovation in the industry, we use data from the Guangdong pilot ETS during 2000–2018, covering 40 manufacturing industries in Guangdong Province. The Guangdong pilot ETS is highly representative and high-quality developed among China’s ETS pilot regions. Summarizing the successes and potential problems in Guangdong, can provide an important reference for the development and improvement of national and regional pilot markets. Our sample covers the whole process of China’s climate policy from international commitments, administrative management to market-based management tools, and excludes the impact of COVID-19 shock on China’s manufacturing industry production and operation. Therefore, our sample can comprehensively reflect the effect of the ETS on the industry-level green innovation. Supplementary Table S1 shows the data sources and descriptions about the variables.
Table 1 shows the statistical characteristics of the variables. In terms of the green innovation, the average value of green patent applications (in logarithm) is more than 4.5, but the average value of the share of green patent applications is only about 16.6%. This suggests that, there are more green patent applications in various industries in Guangdong Province, but there is still a large potential for improvement compared to non-green patents. In terms of the performances of the emission trading market, the carbon price was at a relatively low level. The volatility was not high in general, but severe fluctuations occurred in some years. In terms of the cost ratio, the average is about 81.8%, indicating that the cost burdens of industries in Guangdong Province are generally high.
TABLE 1 | Statistical characteristics of the variables.
[image: Table 1]4 EMPIRICAL ANALYSIS
4.1 Effect of the ETS on green innovation in compliance and non-compliance industries
The theoretical results show that, the effect of the ETS on green innovation in compliance industry is difficult to confirm, while an obvious promotion effect in non-compliance industry can be observed. The promotion effect on green innovation in non-compliance industry is relatively stronger. We consider the possible lag in treatment effect, and use the multi-period DID model (Eq. 17a) to verify Hypothesis 1. Figure 1 shows that, the sample data satisfy the parallel trend assumption, so the multi-period DID model is applicable to the sample data. Table 2 shows the empirical results when the number of green patent applications [image: image] is used as the dependent variable.
TABLE 2 | Effect of the ETS on green patent applications ([image: image]) in compliance and non-compliance industries.
[image: Table 2]The results show that the ETS can significantly and consistently increase the number of green patent applications in both compliance and non-compliance industries, with a stronger promotion in non-compliance industries. After the launch of the ETS, the number of green patent applications in compliance industry will increase by about 267%∼286%, while that in non-compliance industry will increase by about 276%∼296%. Moreover, in any leading period [image: image], the increase in non-compliance industries is higher than in compliance industries. These show that the ETS has an important and continuous impact on the green innovation in various industries. The ETS not only effectively promotes the green innovation in the compliance industries, but more importantly, this promotion effect can be transmitted to the non-compliance industries through the supply chain. The non-compliance industries are motivated to strengthen the level of recycling, carry out green innovation, and reduce the reliance on raw materials from the compliance industries.
Table 3 illustrates the results when share of green patent applications [image: image] is used as the dependent variable. The results show that the ETS effectively improves the share of green patent applications in compliance industries, with a certain lag and relatively week persistence in this effect, while the promotion effect in non-compliance industries is stronger and more persistent. In terms of the magnitude of the effect, after the launch of the ETS, the share of green patent applications in compliance industries will increase by about 4.13%∼6.82%, while that in non-compliance industries will increase by about 2.01%∼8.06%. In terms of the duration of the treatment effect, after the launch of the ETS, the share of green patent applications in the compliance industry will increase significantly from 1 year to 3 years, while that in the non-compliance industries will increase significantly within 4 years.
TABLE 3 | Effect of the ETS on the share of green patent applications ([image: image]) in compliance and non-compliance industries.
[image: Table 3]4.2 Robustness tests
4.2.1 Corresponding downstream industries among supply chain
The theoretical results reveal that, considering the upstream and downstream transmission in the supply chain, there is a strong uncertainty in the promotion effect of carbon trading system on green innovation in compliance industries, while the promotion effect in the corresponding downstream industries is more deterministic. Therefore, we construct several sub-samples, each of which includes one compliance industry and its corresponding downstream non-compliance industries. We judge the corresponding downstream industries of each compliance industry according to the 2012 Guangdong input-output table.7 If the proportion of the intermediate inputs of an industry from the compliance industry [image: image] is not less than 5%, it is considered that the operation decisions of the compliance industry [image: image] would have a large impact on this industry, then this industry will be considered as the corresponding downstream industries of the compliance industry [image: image]. Supplementary Table S4 shows the downstream industries corresponding to each compliance industry. A total of five sub-samples are constructed. The downstream industries of the petrochemical, power and iron and steel industries are in wider ranges, while that of cement and paper industries are more concentrated.
We conduct DID model tests for each sub-sample, respectively. Supplementary Table S5 shows the empirical results when green patent applications [image: image] is used as the dependent variable. The empirical results in the sub-samples of petrochemical industry, iron and steel industry, and cement industry are consistent with the baseline results, indicating the promotion effect of the ETS on the industry-level green innovation and a stronger effect in the downstream industries corresponding to the compliance industries. Only in the power industry subsample, the coefficient of [image: image] is larger than that of [image: image], indicating a stronger promotion effect in the power industry compared to its downstream industries. This is due to limited price under low marketization level in the electricity market, the high storage costs and immediate use of electricity, leading to the difficulty of downstream industries to recycle electricity. In this case, the inventory value obtained from recycling [image: image] is lower, so the promotion effect of the ETS on green innovation in the corresponding downstream industries becomes relatively weaker.
Supplementary Table S6 illustrates the empirical results when the share of green patent applications [image: image] is used as the dependent variable. Again, the results show that the ETS has a stronger promotion effect on the green innovation in the downstream industries corresponding to the compliance industries. Only in the sub-sample of power industry, due to the low value of recycling electricity, a stronger promotion effect of the ETS in the compliance industry could be observed.
After considering the industry correspondence among the supply chain, the results are still consistent with the baseline conclusions and the theoretical results. The ETS effectively promotes green innovation in compliance industries and has a stronger effect in non-compliance industries.
4.2.2 Types of patents
A large body of literatures have found that there are significant differences between different types of patents, which may be affected differently by the ETS (Du et al., 2021; Wang et al., 2022). Invention patents refer to “new technical solutions for products, methods or their improvements”, which can protect not only the products, but also the manufacturing processes. Utility model patents refer to “new practical technical solutions for the shapes, structures or their combinations of the products,” focusing on the protection of the physical products.8 Therefore, we test the robustness of the baseline conclusions by examining the effect of the ETS on different types of green innovations, respectively.
Supplementary Table S7 shows the empirical results considering the type of invention patents. The results show that the stronger promotion effect of the ETS on green innovation in non-compliance industries still exists. On the one hand, the ETS effectively increases the number of green patent applications of the invention patents in both compliance and non-compliance industries, while the promotion effect is stronger in non-compliance industries. On the other hand, the ETS fails to increase the share of green patent applications of invention patents in compliance industries, while it can still increase that in non-compliance industries.
Supplementary Table S8 shows the empirical results considering the type of utility model patents. In terms of the number of patent applications, the ETS effectively increases the number of green patent applications of utility models in both compliance and non-compliance industries, with a stronger promotion effect in non-compliance industries. However, in terms of the share of patent applications, a stronger promotion effect of the ETS in compliance industries is observed. This is due to the fact that utility model patents focus on the protection of specific products, which deviates from the recycling goals of green innovation in the non-compliance industries. The non-compliance industries conduct green innovation aiming to enhance recycling capacity and to produce existing final products with fewer primary products. Therefore, green innovation in the non-compliance industries focuses on invention patent types to protect its recycling technology and related processes.
Taken together, the baseline conclusion still holds after considering different patent types. The ETS can effectively promote green innovation in both compliance and non-compliance industries, with a stronger promotion effect in non-compliance industries, especially in the field of green invention patents.
4.2.3 Endogeneity arising from the continuity of innovation
Some literatures find the continuity of innovation, a phenomenon that the accumulation of prior innovation outputs can contribute to future outputs (Fassio et al., 2019). We adopt a system GMM model to control the endogeneity problem caused by the continuity of patent applications, as shown in Eq. 20. The estimation results are shown in Supplementary Table S9.
[image: image]
The results show that, after considering endogeneity, the ETS still has a significant promotion effect on the green innovation in both compliance and non-compliance industries, with a stronger effect in non-compliance industries. The promotion effect is still persistent, but the duration of the treatment effect is shortened to the current year and the next year. The results suggest that the baseline conclusion still holds after considering endogeneity issues.
4.2.4 Value of the green patents
Some literatures point out that, there may be the phenomenon of a small number of high-value patents (Chemmanur and Tian, 2018). The number of patents may be difficult to effectively reflect the technological improvements and breakthroughs. Therefore, we introduce the value of the green patents ([image: image]) as a proxy variable for the green innovation [image: image], measuring the logarithm of the average valuation degree of the patent applications within each industry. The valuation degree of each patent is measured by the Patent Value indicator in the INCOPAT database, which classifies the value level of each patent from 1 to 10, with the higher value being the higher value of the patent.
Equation 17a is estimated to examine the effect of the ETS on the value of the green patents, and the results are shown in Table 4. The results show that the ETS significantly increases the value of green patents in both compliance and non-compliance industries, and the promotion effect in non-compliance industries is relatively stronger. Moreover, the promotion effect of the ETS on industry-level green innovation is still sustainable to a certain extent. The results suggest that, after considering the value of patents as the proxy for green innovation, the baseline conclusions still hold.
TABLE 4 | Effect of the ETS on the value of green patent applications (lnGIV) in compliance and non-compliance industries.
[image: Table 4]4.3 Verification and analysis of the cost passthrough mechanisms
Theoretical results reveal that, under the cost passthrough mechanism, the ETS has a relatively stronger promotion effect in non-compliance industries. Forced by the supply passthrough from compliance industries, non-compliance industries have stronger incentives to carry out green innovation, in order to avoid a significant increase in operating costs. Therefore, after the launch of the ETS, the non-compliance industries with higher level of green innovation may realize a reduction in their operating costs. For Hypothesis 2, we adopt Eq. 18 to test the moderating effect of green innovation on the effect of the ETS on the industry cost ratios. The results are shown in Supplementary Table S10.
The results show that green innovation effectively reduce the cost ratios of non-compliance industries after the launch of the ETS. Under different proxy variables for green innovation, the coefficients of [image: image] are significantly negative in all the cases. Green innovation negatively moderates the effect of the ETS on the cost ratios of the non-compliance industries. This verifies the cost passthrough mechanism, that is, the non-compliance industries reduce the cost pressure through green innovation, backward prompting the compliance industries to pay attention to green innovation.
4.4 Cross-sectional heterogeneity
The theoretical results reveal that the promotion effect of the ETS on green innovation in compliance industries is affected by the market performances in the ETS, while that in non-compliance industries is not affected by these factors. We focus on the two types of the market performances, carbon price and its volatility. The moderating effect of the carbon price and its volatility on the ETS promotion effect on industry-level green innovation is examined by estimating Eq. 19. The results are shown in Supplementary Table S11.
The results show that, compared to the non-compliance industries, the market performances of the ETS, especially the carbon price volatility, have more significant moderating effects on the effectiveness of the ETS in promoting green innovation in the compliance industries. In terms of carbon price, higher carbon price only promotes the green patent applications in both industries in the short term, with a more persistent effect in compliance industries. The ETS promotion effect on the share of green patent applications is not affected by the carbon price. In terms of carbon price volatility, lower volatility can continuously increase the number of green patent applications in both industries, and continuously increase the share of green patent applications in compliance industries.
These results suggest that, the promotion effect of the ETS on industry-level green innovation can be improved under a steadily rising carbon price. A smooth and orderly market helps to continuously incentivize green innovation in the industry. Severe price fluctuations are difficult to send stable price signals to the firms, which will inhibit their decisions on green innovation. The volatility and the uncertainty of carbon price will inhibit the incentives of the firms for green innovation, reducing the level of green innovation in the industry.
5 CONCLUSION AND POLICY IMPLICATIONS
In this paper, we theoretically and empirically investigate the effects of ETS on industry-level green innovation. We first establish a Stackelberg-type model incorporating supply chain network to illustrate the cost pass-through mechanism of the ETS on the industry-level green innovation. Then, we empirically testing the above mechanism in the Guangdong pilot market, a highly representative ETS market in China. We find that the ETS effectively promotes green innovation in both compliance industries and non-compliance industries, with a relatively stronger effect in non-compliance industries. The mechanism analysis show that the compliance industries will pass the regulatory costs onto non-compliance industries through the supply chain network. Hence, the non-compliance industries aim to reduce the burden from compliance industries through green innovation. Furthermore, our paper identifies the moderating effect of the market performances on the impact of the ETS on green innovation. The increase in carbon prices amplifies the promotion effect of the ETS on the green innovation in compliance industries in the short term, while its volatility continuously inhibits the promotion effect of the ETS.
The policy implications of the results are as follows:
First, the policymaker should encourage the up-stream and down-stream technological coordination and cooperation along the supply chain, and thus strengthen the transmission effect of the ETS in promoting industry-level green innovation. The ETS incentivizes industries to carry out green innovation independently, in which the green innovation incentives of the up-stream industry originate from the product substitution effect of the down-stream innovation on recycling technology. Strengthening up-stream and down-stream technological coordination and cooperation in the supply chain not only shows the direction of development in recycling technology to own-stream industries, but also helps the upstream industries explore new technology to reduce the price of intermediate goods. This leads to an improvement of the green production capacity in both the up-stream and the down-stream.
Secondly, it is crucial to foster a consistently rising market expectation of carbon pricing, thereby incentivizing businesses to engage in sustained green innovation and enhance their green production efficiency over the long term. Prolonged green innovation efforts play a pivotal role in striking an equilibrium between emissions reduction and economic development, which is foundational for the successful attainment of the “Dual Carbon” goals with a strong emphasis on quality. The establishment of a stable market expectation of an incrementally increasing carbon price serves as the bedrock for the effective promotion of industry-level green innovation through the Emission Trading Scheme (ETS). To achieve this, it is imperative to design a well-structured and enduring system for allocating emission allowances. This allocation mechanism should communicate stable expectations to market participants, encouraging firms to proactively plan their operational and research and development (R&D) strategies. This proactive approach motivates enterprises to pursue green innovation and enhance the efficiency of emissions reduction.
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FOOTNOTES
1Supplementary Table S12 shows the comparison on Guangdong and the other regional pilot markets.
2From the 1980s to the end of the 1990s, China’s climate policy focused on pollution prevention and resource conservation. In 1998, China signed the Kyoto Protocol, which was formally ratified in 2002. Since the Eleventh Five-Year Plan in 2006, China’s climate policy has begun to focus on energy conservation and emission reduction, with the connotation of “emission reduction” at this time still focusing on the reduction of various types of pollutant emissions. Since 2010, China’s climate policy has strengthened its focus on low-carbon transformation, emphasizing energy conservation, carbon reduction and efficiency, focusing on reducing the level of carbon emissions, improving the efficiency of carbon emissions, and developing a low-carbon economy. Since the 2011 Twelfth Five-Year Plan, the reduction of carbon dioxide emissions per unit of gross domestic product has been included as a binding indicator in the outline of the five-year plan for national economic and social development, and has been decentralized to localities for implementation.
3Typical measures of rewarding policies are to provide cash rewards of a fixed amount or a fixed proportion of the investment amount to enterprises that have obtained green production certifications (such as “carbon neutral enterprise” certifications, etc.), low-carbon demonstration parks or enterprises, and enterprises that have achieved the national advanced value of energy consumption per unit of product after the implementation of technological transformation projects. Typical measures of subsidized policies are the provision of special financial support for enterprises’ green technology R&D investment in order to reduce their technology R&D costs. In addition to the above two types of policies, punitive policies are also a commonly used type of environmental regulatory policies in China, which focus on penalizing enterprises with high levels of pollutions (e.g., PM2.5, etc.) rather than controlling the level of carbon emissions of enterprises in the implementation process. Therefore, we have not considered the impact of punitive policies for the time being.
4Supplementary Table S13 shows the extent of upstream and downstream for each industry in Guangdong Province. Compliance industries tend to be in the upstream. Although the cement and paper industries have a small number of corresponding downstream industries, they have a relatively high share of inputs in the corresponding downstream industries, about 47% and 36%, respectively. Most of the non-compliance industries are downstream industries. Only a small number of non-compliance industries tend to be in upstream, such as metal products and electrical machinery manufacturing. However, the input shares of these industries in the corresponding downstream industries are relatively low, all within the range of 5%–20%.
5[image: image]. [image: image]. [image: image]. [image: image].
6Compliance year refers to the time of trading of allowances corresponding to the carbon emissions of a firm during the fiscal year. Generally speaking, the regulator allocates allowances to firms in the middle of the fiscal year, and firms can start trading allowances for this fiscal year. At the end of the fiscal year, after the firm completes its production and emissions, the regulator starts to verify the enterprise’s emissions data and determine the amounts of allowances that the firm needs to submit. In the middle of the next fiscal year, the regulator requires the firm to submit the allowances corresponding to the carbon emissions in the last fiscal year, and the trade of the allowances for the last fiscal year are stopped. Therefore, the trading time of allowances corresponding to carbon emissions of enterprises in fiscal year [image: image] is often from the middle of the year [image: image] to the middle of the year [image: image]. The trading period for each compliance year in the Guangdong pilot market are shown in Supplementary Table S14.
7In addition to the 2012 input-output table, the 2007 and 2017 input-output tables are also used, leading to basically the same results as the 2012 ones.
8Definitions of the patent types are taken from the Patent Law of the People’s Republic of China.
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