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Under the Belt and Road Initiative (BRI), promoting green innovation in enterprises has been the central focus of the developmental strategy for China and countries along the Belt and Road to ensure sustainable development in line with the UN Sustainable Development Goals (SDGs) related to the environment and development. This paper examines the driving factors and heterogeneous mechanisms of the BRI in green technology innovation, especially in collaborative vs. independent innovation modes, utilizing a multi-period difference-in-difference model (DID) and micro-level panel data of Chinese listed enterprises spanning from 2007 to 2021. We find that the BRI has significantly stimulated the number of green innovations of participating enterprises, primarily through the adoption of collaborative innovation mode, and the BRI policies are more likely to induce green innovation behavior of enterprises with high research and development (R&D), high quality of environmental information disclosure, and non-state-owned enterprises (SOEs), as well as in heavy-polluting industries. The implementation of the BRI has led to increased support from the government, financial institutions, and scientific research organizations to the participating enterprises, which helps alleviate their financial constraints and enhance patent transformation efficiency, and thus facilitate green innovation. These results are robust across different regression specifications. This study contributes to the existing literature on BRI’s environmental impact and green innovation with firm-level evidence, and has important policy implications for the Chinese government when promoting green innovation and internationalization of Chinese enterprises.
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1 INTRODUCTION
The Belt and Road Initiative (BRI), which was launched in 2013, is a China-led global infrastructure developmental strategy aiming at promoting economic development and inter-regional economic, strategic, and cultural connectivity across the Eurasian continent and Africa, and later extended to Latin America (Hall and Krolikowski, 2022). Despite some achievements, the BRI has attracted considerable debate and conjecture over the past decade (Lai et al., 2020). Given that the BRI involves large-scale, trillions of dollars of investments in infrastructure, there is no doubt that the initiative faces significant environmental challenges, especially in terms of the ecological environment (Li et al., 2022; Zhang et al., 2023). To address the environmental sustainability issue, the BRI International Green Development Coalition (BRIGC) was established during the second Belt and Road Forum in April 2019. Its primary aim is to ensure long-term green and sustainable development, aligned with the UN Sustainable Development Goals. The drive toward greening the BRI enjoys support from leading innovative economies (Jiang et al., 2021). Many participating countries have taken the opportunity of the BRI to strengthen cooperation with the Chinese government and enterprises in new energy, environmental protection, and green infrastructure, creating a sound atmosphere for green innovation (Xin et al., 2022).
Green innovation refers to the innovative activities in which countries or enterprises use advanced technology to reduce the destructive pollution of the ecological environment and improve the utilization rate of resources, promoting the coordinated development of the economy, society, and environment (Li et al., 2022). Based on the patent application process, the innovation modes can be divided into independent innovation and collaborative innovation. The former refers to the autonomous innovation activities conducted by enterprises, including research and development (R&D), technological innovation, and product innovation, and the latter involves innovation collaboration between enterprises. The choice of innovation modes is determined by the enterprise’s unique internal and external factors. It is believed that with the implementation of BRI-related policies and initiatives, forward-thinking Chinese enterprises are more likely to engage in green technology innovation for sustainable development (Wang et al., 2023).
This study aimed to investigate empirically the driving factors and heterogeneous mechanism of green technology innovation and innovation modes of Chinese enterprises by constructing a multi-period DID model using panel data covering the listed enterprises in China from 2007 to 2021. The baseline empirical results show that compared to the enterprises without any BRI-related investments (the control group), those engaged in BRI investment projects (the treatment group) have significantly increased the number of green innovation patents, largely through the collaborative innovation mode. Various robustness tests confirm this finding. Furthermore, the heterogeneity analysis of enterprise characteristics provides evidence that the BRI facilitates green technology innovation, particularly in the collaborative innovation mode, for enterprises that are privately owned with high levels of R&D investment and high-quality environmental information disclosure, and favors independent green innovation for enterprises operating in heavy-pollution industries. It was also found that the government, financial, and scientific research institutions play important roles in driving green technology innovation through financial and technical support to enterprises participating in the BRI investments.
This study implies three major contributions to existing research on the BRI and green innovation. First, in contrast to most of the existing literature which focuses on the macroeconomic and industry-level impacts of the BRI, this study provides new evidence using firm-level panel data to address the concerns about BRI’s environmental impact of technological innovation and innovation modes for enterprises. Second, with a different setting from the one-period DID model, this paper uses a multi-period DID model with a series of robustness tests and firm-level data at different times to assess the policy effects of the BRI on green innovation in both collaborative and independent modes. The multi-period DID model is more appropriate to the public diplomacy narratives of the BRI and its implementation process, given its capability of capturing the impacts of irregular and inconsistent policy shocks. Finally, it provides policymakers with important policy implications for the role played by the government and financial institutions in facilitating green financing and improving the efficiency of patent transformation, which helps advance the understanding of the transmission mechanism of the BRI in increasing green innovation under different modes.
The rest of this paper is arranged as follows: Section 2 provides a brief literature review and sets the research hypotheses; Section 3 discusses the methodology and the model specification in this study; Sections 4, 5 discuss the empirical results and conduct a robustness check by considering the heterogeneity by incorporating enterprises’ R&D investment level, ESG score, ownership, and industry pollution level. The final section concludes with some policy implications.
2 LITERATURE REVIEW AND RESEARCH HYPOTHESIS
2.1 Literature review
2.1.1 BRI’s economic and environmental influence
A large number of existing studies have studied the economic and environmental influence of the BRI at the country and industry levels. At the country level, studies have found that the BRI can promote trade and investment cooperation between China and countries along the Belt and Road, and generate positive spillover on economic growth (Chen et al., 2019). As most of the countries along the Belt and Road are rich in natural resources, they are more inclined to develop resource-based industries, and hence face increasing environmental problems arising from massive consumption of fossil fuels (Tian et al., 2019). The greening of the BRI drives the participating countries’ green and sustainable economic growth through promoting energy efficiency and reducing carbon emission, facilitating the transition of the BRI countries from the high energy input and high emission-based developmental model to a green growth model (Jiang et al., 2021).
At the industrial level, some studies apply Kojima’s comparative advantage theory (Kojima, 1973) to the outbound investment of Chinese enterprises, and report that the BRI will promote the adjustment of comparative advantage industries and help transfer the excess capacity in China. With the implementation of the BRI, it was found that Chinese enterprises have increased investment in environmental and infrastructure projects to promote the upgrading of industrial structure and improvement of environmental performance in countries along the route (Cheng and Qi, 2021); they are also instrumental in promoting the flow of factors of production and drive BRI countries to prioritize the allocation of factors of production to green and efficient production sectors (Rauf et al., 2020). Most recently, some studies tend to examine the impact of the BRI on enterprise operations, and report that the BRI can help improve the internal control process of enterprises, expand the scale of R&D investment, optimize the ownership structure, improve total factor productivity, and achieve technological innovation breakthroughs (Liu and Aqsa, 2020). Enterprises can also obtain external funds through the BRI and take the opportunity to adapt to the environmental regulation and financing rules of the international market and green transformation (Lai et al., 2020).
2.1.2 Driving factors of enterprise green innovation
Green innovation refers to the development of advanced technologies by enterprises considering environmental protection, which is conducive to the improvement of enterprise performance and national economic growth. Numerous factors influence the green innovation of enterprises, and the existing literature primarily examines the external environment and internal driving forces of enterprises (Li et al., 2022).
External environmental factors include financing environment, market environment, industrial environment, and policy environment, among others. First, green innovation requires financial support from multiple channels. A favorable financing environment ensures sufficient cash flow for enterprises to sustain their R&D investments, even when the output of scientific and technological achievements is uncertain (Yu et al., 2021; Zeqiraj et al., 2022). In addition, diversification and stability in financing channels also significantly enhance the efficiency of green innovation (Xiang et al., 2022). Second, the market environment plays a crucial role in influencing the green innovation activities of enterprises (Qiu et al., 2020). The demand for green products and services in the market or the institution investors not only directly impacts the innovation efforts of enterprises but also fosters knowledge sharing among them, indirectly promoting green innovation (Ali et al., 2019). Third, the diversification of enterprise industries and specialization in technological fields directly affect the efficiency of green innovation (Perruchas et al., 2020). The relative position of enterprises in the industrial chain and their ability to collaborate with other entities also influence the transfer of knowledge (Wang and Hu, 2020). Last, the policy environment has a significant impact on the green innovation of enterprises. The way and degree of policy support, as well as the developmental stage and industry of the enterprise, contribute to the heterogeneity of this impact (Qi et al., 2021).
Among the internal driving forces, enterprise culture and multiple resource allocations also play a direct role in shaping green innovation activities. First, corporate culture encompasses the values held by employees. Different cultures lead to diverse practices and outcomes in green innovation within enterprises (Weng et al., 2015). In particular, during the stage of green transformation, companies with a strong emphasis on social responsibility are more likely to engage in green innovation activities (Yang et al., 2022). Second, as businesses expand and gain market share, they often adjust the allocation of knowledge, manpower, capital, and other resources. This includes integrating internal knowledge resources, increasing investments in research and development, training professionals, addressing technological gaps, and expanding comparative advantages in technology (Wu et al., 2022). Moreover, obtaining external knowledge resources through collaboration and leveraging different sources of knowledge is vital for enhancing the quality and quantity of green technology within enterprises simultaneously.
2.2 Research hypothesis
2.2.1 BRI and enterprise green innovation behavior
As micro-participants in the green BRI, enterprises play a crucial role in promoting green innovation and achieving low-carbon transformation (Geng and Lo, 2022). From the perspective of government policy support, participating enterprises can benefit from government certification support and financial assistance. These measures help enterprises access financing more easily, alleviate liquidity constraints, and ensure the sustainability of green R&D investment. In practice, the Chinese government has provided various types of policy support, including green credit from banks (Coenen et al., 2021), operational industry funds (Liu et al., 2020), and tax incentives (Peng et al., 2022). Moreover, the green BRI also sends a signal to the international market that the Chinese government supports the green transformation of enterprises. This will enhance the attention of international investors toward environmentally friendly enterprises and attract external funds for enterprises to carry out green innovation.
From the perspective of the competitive environment of enterprises, there are significant differences in politics, economy, and culture among countries along the Belt and Road. To meet the diverse demand for green products in the international market, participating enterprises need to enhance their product competitiveness through innovation (Borsatto and Amui, 2019). According to the theory of technical trade barriers, enterprises must navigate the uncertain policy environment and address green trade barriers in different countries simultaneously (Hu et al., 2022). Therefore, to overcome trade barriers, enterprises need to actively increase environmental expenditures, bridge gaps in low-carbon technologies, and embrace social and environmental responsibilities (Ayob et al., 2023).
According to the Porter hypothesis, the rising environmental costs will compel enterprises to engage in green innovation activities, improve resource utilization efficiency, and reduce pollutant emission. In particular, in the uncertain international environment, participating enterprises adopt green outbound investment strategies to expand their presence in the international market and allocate green R&D project funds between home and host countries effectively (Liu et al., 2022). This approach helps leverage the comparative advantages of different markets, achieve economies of scale, and harness the positive role of market competition in driving green innovation for enterprises (Zhang et al., 2023). Based on the theoretical review, we propose the following hypothesis:
Hypothesis 1. (H1). The BRI has significantly improved the green innovation performance of enterprises.
2.2.2 BRI and enterprise green innovation modes: collaborative or independent
Generally, enterprise innovation models are divided into independent and collaborative innovation. Independent innovation refers to enterprises utilizing their own knowledge elements for research and development, whereas collaborative innovation involves enterprise restructuring and using their internal knowledge resources innovatively in collaboration with external knowledge resources (Wang et al., 2019; Rabadán et al., 2020). Previous studies have demonstrated that compared with traditional innovation, green innovation necessitates greater knowledge resources and capital investment (Cao et al., 2023). It is also more susceptible to external environmental uncertainties, carries higher risks, and entails longer cycles. Consequently, in the process of establishing a green BRI, the potential for green cooperation and innovation plays a crucial role. Moreover, during participation in international market competition, enterprises are influenced by various factors, including industrial policy adjustments, disparities in resource endowments, technological knowledge foundations, and knowledge integration capabilities (Katsikeas et al., 2019; Salunke et al., 2019). As a result, enterprises exhibit significant heterogeneity in their selection of technological innovation models.
From the perspective of industrial supply-chain policies and resource endowments, there are significant differences in the emerging advantageous industries, overcapacity industries, and supporting industries which are supported by different regions (Ju et al., 2015). Enterprises located in regions with a complete industrial supply chain leverage the BRI to explore new markets, allocate funds toward the research and development of core technologies, and typically opt for independent innovation models to reinforce the leading role of advantageous industries (Cinnirella and Streb, 2017). However, during periods of industry fluctuations or decline, technical support from other enterprises becomes necessary for BRI construction enterprises. In such cases, integrating the supply chain of upstream and downstream enterprises through collaborative innovation modes facilitates faster breakthroughs in technological bottlenecks, enhances enterprise competitiveness in new markets, and leads to greater profits (Wang and Hu, 2020).
From the perspective of technological knowledge foundation and knowledge integration ability, countries along the Belt and Road have gradually developed networks of knowledge, technology, and innovation. The characteristics of enterprises within these networks directly influence their choice of innovation models (Shi et al., 2020). Enterprises with abundant knowledge accumulation in green technology can quickly integrate resources, coordinate supply chains, provide social value judgment information, and possess the ability to innovate independently in the short term (Wu and Si, 2022). However, BRI construction enterprises have relatively weak knowledge accumulation in green technology. When they have limited connections with other entities in the network, they tend to adopt a collaborative innovation mode. This mode enables them to strengthen the continuous transformation of green products and address their own technological shortcomings through knowledge spillover effects, thereby enhancing overall innovation efficiency. Based on the above theoretical review, we propose the following hypotheses:
Hypothesis 2a. After the implementation of the BRI, the participating enterprise carrying out green innovation through collaborative mode has significantly increased.
Hypothesis 2b. After the implementation of the BRI, the participating enterprise carrying out green innovation through independent mode has significantly increased.
3 RESEARCH DESIGN
3.1 Models
3.1.1 DID model
Different from the existing research, this study constructs a multi-period DID model to verify the impact of the BRI on green technology innovation in Chinese enterprises. The multi-period DID model assumes that the time points at which all samples in the treatment group are affected by policy shocks are not completely consistent, which is more in line with the actual situation of China’s BRI (Wang et al., 2023). Therefore, this study constructs the following model:
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where [image: image] represent the number of green patent technology applications, and the number of independent or collaborative applications, respectively; [image: image] is the disposal variable; a value of 1 is assigned to the group of enterprises participating in the BRI; otherwise, it is 0; [image: image] represents the pseudo variable of 2013 BRI implementation time; [image: image] indicates after policy implementation ([image: image]); otherwise, it is 0; [image: image] is a fixed effect in the industry, which can eliminate potential confounding factors at the industry level; and [image: image] is an annual fixed effect that can eliminate the mixed effects of special year emergencies at the overall level.
3.1.2 Mediating effect model
Further analyzing the mechanism of action, this study uses a mediating effect model to test the transmission mechanism of the BRI in increasing the innovation of enterprises, mainly including two paths: alleviating financial constraints and improving the efficiency of patent achievement conversion. The specific models are as follows:
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The mediating variables are enterprise financial constraints (hereafter KZ) and innovation transformation efficiency (hereafter Trans), respectively.
3.2 Data description
3.2.1 Sample selection
This study selects financial data and green patent technology data of Chinese listed enterprises from 2007 to 2021 as research samples, to analyze the micro-impact of the BRI on green innovation of enterprises. Starting from January 2007, Chinese listed enterprises were required to disclose mandatory information in the annual reports by the new accounting standards. The content of environmental information disclosure becomes quantitative indicators, and the motivation for companies to voluntarily disclose information is increasing, which has improved the accuracy of financial data. Therefore, the sample selection began in 2007.
Financial data of all listed enterprises participating in the BRI are from the Wind database and CSMAR database. This study conducts the following data processing. We excluded samples with missing ST, *ST, and financial data, and also removed those samples from the financial industry that went public that year. To eliminate heteroscedasticity, we take the natural logarithm of all continuous variables and perform tail reduction at the 1% and 99% levels. Finally, a balanced panel of data consisting of 12,585 observations was obtained.
3.2.2 Variable definitions
3.2.2.1 Dependent variables
This study gauges the green innovation behavior of enterprises by assessing the number of patents they have applied for in the field of green technology (Hao and He, 2022; Xin et al., 2022). Compared to the proxy indicator of R&D investment costs, this study takes a more comprehensive approach by including both invention patents and utility model patents, which measure the R&D process and innovation outcomes of the enterprise. The method for constructing this indicator is outlined below:
Number of green technology innovations (Ginno): The data on enterprise green patents are obtained from the CIRD sub-database of the CNRDS database. This database is categorized based on the International Patent Classification (IPC). To identify green patents, the list of green patents published by the World Intellectual Property Organization (WIPO) was used in this study. The patent identification numbers are refined to the smallest level and matched with the CIRD font classification statistics. Therefore, the total number of green patents is obtained by including the count of green invention applications, green utility model applications, and granted patents.
In addition, we focus on the knowledge spillover effect of the BRI when we assess the benefits of the enterprise choice of independent innovation mode or collaborative innovation mode. As discussed earlier, innovation activities can be classified into independent innovation and collaborative innovation. Generally, enterprises tend to adopt independent innovation to have better control over innovation costs and strategic decisions. However, in the context of the BRI, companies may have a strong interest in carrying out collaborative green technology innovation to align with international green standards and meet the requirements of low-carbon transformation. This allows for technology spillover effects and better matching of output products with the international market, catering to the needs of international investors. This study aimed to compare the green patent construction of individual applicants and collaborative applicants (two or more applicants) to explore the differences in the organizational form of green technology innovation under the BRI.
3.2.2.2 Independent variables
Determination of the policy impact time ([image: image]): As mentioned earlier, the BRI was officially proposed in 2013 as a milestone event for China’s participation in international economic and trade cooperation. Enterprises involved in cities or regions along the BRI route responded quickly and accelerated the implementation of this policy. Therefore, consistent with the study by Jiang et al. (2022), 2013 was used as the policy impact base year in this study.
Sample selection for treatment groups ([image: image]): Enterprises with investment destinations in BRI countries after 2013 were selected as the treatment group in this study. Specifically, by matching the names of the listed enterprises with the List of Overseas Investment Enterprises (Institutions) published on the website of the Ministry of Commerce of China, enterprises with investment destinations in BRI countries will be set as the treatment group, and enterprises that have not participated in foreign direct investment will be set as the control group. Finally, the BRI concept section in the Tonghua database was used for the synchronous verification of the listed enterprises involved.
3.2.2.3 Control variables
Control variables according to existing studies were selected in this study. At the company level, variables such as asset size (Size), financial level (Lev), ownership concentration (Top10), return on equity (Roe), finance expense (Fexp), general and administrative expense (GAexp), growth rate of total assets (Growth), R&D expenditure (RDexp), and number of executions (Igov) were used as control variables in this study. Finally, to control unknown heterogeneity in the model, we control for the year and industry dummies. The list of all the variables is summarized in Table 1.
TABLE 1 | Variable definition.
[image: Table 1]4 EMPIRICAL RESULTS
4.1 Descriptive statistics and correlation analysis
4.1.1 Descriptive statistics
Table 2 presents the descriptive statistics of the main variables. Among them, green innovation (Ginno) has a mean of 1.152 with a variance of 1.502, whereas both independent innovation (Indep) and collaborative innovation (Collab) have a mean of 1.017 and 0.362 with a variance of 1.405 and 0.938, respectively. The gap between the two variables is smaller than that of total invention patents, which reflects the jaggedness between the number of independent and the collaborative ones. In addition, the average enterprise debt ratio (Lev) is 0.482, and 52.054% of the sample enterprises are higher than this value, which reflects the representative of the sample selection.
TABLE 2 | Summary statistics.
[image: Table 2]4.1.2 Correlation analysis
The correlation coefficient of the main variable indicates that the BRI is positively correlated with all three types of green innovation at a 1% significant level, thus preliminary verifying Hypothesis 1. In addition, as shown in Supplementary Table S1, the correlation coefficients between each explanatory variable and the dependent variable are all less than 0.5; the variance inflation factor (VIF) results with a maximum value of 1.61 indicate that there is no serious problem of multi-collinearity among our variables.
4.2 Regression results
4.2.1 Baseline empirical results
Starting from the quasi-natural experiment of the implementation of the BRI, we estimate the multi-period DID model specified in the previous section to examine the impact of the BRI on green innovation in enterprises. Table 3 reports the estimation results, in which columns (1)–(3) do not include control variables, whereas columns (4)–(6) provide benchmark regression models after controlling for enterprise characteristics. The results indicate that after using the least squares dummy variable (LSDV) technology to control for industrial and annual fixed effects, regardless of whether the enterprise characteristic variable is included, the coefficient of [image: image] with Ginno is significantly positive at the 5% level, whereas the coefficient of Collab is significantly positive at the 1% level. This indicates that the green innovation level of enterprises participating in the BRI is higher than that of its counterpart, and this phenomenon is more pronounced among enterprises willing to cooperate with others. This finding supports Hypothesis 1 and Hypothesis 2a. From an economic perspective, columns (4) and (6) indicate that after participating in the BRI, the levels of green innovation and collaborative innovation have significantly increased by 6.7% and 6.5%, respectively.
TABLE 3 | Baseline regression results of the B&R Initiative’s impact on green innovation.
[image: Table 3]In addition, the regression results of the control variables, as reported in columns (4)–(6), show that the coefficients of enterprise size, general and administrative expenses, and R&D expenditure are significant with expected signs, indicating that large-scale and financially self-sufficient enterprises have stronger green innovation motivation. On the other hand, the ownership concentration and the finance expense coefficients are significantly negative. The possible explanation is that due to the high cost of technological innovation, the long capital occupation period, and the potential risk of asymmetric investment return, the principal–agent problems occur when the short-sighted managers of enterprises with a high degree of ownership concentration or capital constraint act in their interests, which will weaken the momentum of green innovation. In addition, after adding the control variables reflecting the characteristics of the enterprise, the adjusted R2 values increased to 0.372, 0.334, and 0.215, indicating the explanatory power of our model.
4.2.2 PSM–DID estimation
To assess the overall impact of the BRI quasi-natural experiment more accurately, we consider the influencing factors that drive investment decisions related to BRI participation, encompassing financial constraints, production efficiency, and various other pertinent elements. Referring to existing literature, PSM-DID was further used to mitigate the potential bias caused by this impact.
A control group was constructed in this study with observation characteristics similar to those participating BRI enterprises to solve the problem of selection bias in the sample. Specifically, the nearest neighbor matching and kernel matching methods are used to determine the weights of matching indexes. The propensity score was estimated by variables such as the leverage ratio, the proportion of top 10 shareholders, the growth rate of net assets, and the intensity of R&D investment, and the regression result was obtained by the logit model. In Table 4, columns (1)–(3) present the nearest neighbor matching results, and the matching mode is 1:6; columns (4)–(6) present the results of the kernel matching method. The empirical results are consistent with the baseline empirical results, indicating that the BRI has a significant positive impact on enterprises to improve the quantity of green innovation and the formation of collaborative innovation.
TABLE 4 | Robust regression results of the PSM–DID model.
[image: Table 4]4.3 Robustness check
4.3.1 Parallel time trend test
The premise of using the DID method is that the treatment group and the control group must meet the common parallel trend test, implying that if the BRI policy is not implemented, there is no systematic difference in the change in the time trend of enterprise green innovation. Therefore, the parallel trend of the number of green innovations and the mean value of the structural characteristics of independent and collaborative innovation in enterprises during 2010–2017 was examined in this study.
Figures 1A, C show that the sample group classification under the form of green innovation quantity and collaborative innovation meets the requirement of the parallel trend before the BRI policy. The coefficients of both in 2010–2013 are smaller than those after 2013, and the regression coefficients of the two periods after the BRI are significantly positive at the 95% confidence interval and gradually expand (the coefficient in 2017 is higher than that in 2016). The results suggest that the BRI has a positive impact on the green innovation behavior of enterprises in the long term. In contrast, Figure 1B shows that the coefficient in the form of independent innovation does not satisfy the parallel trend test, which is consistent with the previous theoretical analysis.
[image: Figure 1]FIGURE 1 | Parallel trend test. (A) Impact coefficient of the BRI on corporate green innovation, (B) impact coefficient of the BRI on independent innovation, and (C) impact coefficient of the BRI on collaborative innovation.
4.3.2 Alternative dependent variables
We turn to the robustness check of the results by using an alternative measure for green innovation. To better determine whether the weight of green innovation in all innovation patents has increased, we use the relative proportion index instead of the quantity indicator mentioned earlier, which is defined as the ratio of the number of green patent applications in that year over the number of all patent applications (Ginno_ratio). The calculation method for the independent innovation rate and collaborative innovation rate of patents is the same. The regression results in columns (1)–(3) of Table 5 show that the enterprises participating in the BRI continue to enhance their overall and collaborative green transformation power, which proves the robustness of the regression results.
TABLE 5 | Robust regression results of alternative measures of green innovation.
[image: Table 5]In addition, there are notable differences in the level of economic development, investment and financing policies, and degree of financial easing across the provinces in China (Xin et al., 2022; Liu and Yang, 2023). These confounding factors may interfere with the research results. Therefore, we include the fixed effects of provinces, years, and industries in the model estimations. The results in columns (4)–(6) of Table 5 indicate that after controlling for provincial characteristics, the overall and collaborative green innovation coefficients of enterprises participating in the BRI show an upward trend, further proving the robustness of our conclusions.
4.3.3 Placebo test
We continue the robustness check by conducting a placebo test on the baseline regression results. We lead the policy-impacted time point by 1 and 2 years, respectively, and add the virtual policy impact variable to the benchmark regression equation as the control variable. The results show that whether the policy shock time is led by 1 or 2 years, the coefficient of the realized policy shock variable is still positive and significant after adding the dummy variables of policy shock. The regression results also indicate that 2013 as the BRI policy impact starting point is reasonable.
To assess the placebo test results, we conducted a simulation by randomly allocating the BRI policy shock dummy variable to each enterprise and then run regression analysis on the dummy policy shock variables using three dependent variables to obtain the regression coefficients of the dummy policy shock variables. The above process is repeated 500 times, and the distribution of policy impact regression coefficients is shown in Figure 2. Comparing it with the regression coefficients of actual BRI policy impact variables, the results further demonstrate the robustness and credibility of the benchmark regression results. The regression coefficients of the virtual policy shock variables in Figures 2A–C are all very close to zero. The coefficients obtained from the regression of the three explained variables on the virtual policy shock variables are significantly different from the regression coefficients of the actual BRI policy shock variables, which can exclude the interference of unobserved variables and non-random factors on the estimation results.
[image: Figure 2]FIGURE 2 | Placebo test. (A) Random density distribution of green innovation of enterprises, (B) random density distribution of independent innovation of enterprises, and (C) random density distribution of the collaborative innovation of enterprises.
5 FURTHER DISCUSSIONS
5.1 Heterogeneity analysis
To further examine the heterogeneous impact of the BRI on enterprises’ green innovation and to provide targeted suggestions for incentive green innovation, we conduct the heterogeneity regressions based on four micro-characteristics of enterprises, namely, R&D investment level, ESG score, ownership, and industry pollution level.
5.1.1 Heterogeneity of the R&D investment level
Table 6 reports the estimation results of the enterprise R&D investment level of the BRI on their green innovation. Columns (1) and (2) show the empirical results of the influence of the BRI on the number of green patent applications for enterprises under high or low R&D investment levels, respectively. It was found that the influence coefficient of the BRI on enterprises with strong R&D investment is equal to 0.070, which is significant at the 5% level, but the influence coefficient of enterprises with weak R&D investment is not significant. Similarly, columns (3)–(6) show the influence of the BRI on independent innovation and collaborative innovation under the sample of strong and weak R&D investment levels. Among them, the influence coefficient of the BRI on the collaborative innovation of enterprises engaged in R&D investment is 0.121, and it is significant at the 5% level. The results suggest that the BRI can promote high R&D investment enterprises to carry out green innovation, especially for collaborative innovation.
TABLE 6 | Regression results of heterogeneity of the R&D investment level.
[image: Table 6]The explanation is as follows: the level of R&D investment largely reflects the willingness and ability of the green innovation of an enterprise. An enterprise with high R&D investment is generally associated with strong liquidity and innovation vitality. To better adapt to the environmental changes of the BRI, renovation active enterprises are more likely to move up to the high-end industrial supply chain based on their core technologies and product innovations, which will allow them to gain regional market recognition. Thus, this will form a virtuous circle of technological innovation and market recognition.
5.1.2 Heterogeneity of the ESG score level
Table 7 reports the estimation results of the heterogeneous influence of the BRI on enterprises with a high ESG score. Columns (1), (3), and (5), respectively, show the empirical results of the influence of the BRI on the number of green patent applications, independent innovation, and collaborative innovation of enterprises with high ESG scores. The influence coefficients of the BRI on green innovation, independent innovation, and collaborative innovation of enterprises with high ESG scores are 0.121, 0.074, and 0.092, respectively, and they are significant at least at the 5% significant level. The results suggest that the BRI can significantly increase the number of green patent applications, independent innovation, and collaborative innovation for enterprises with high ESG scores. The finding is consistent with our casual observation that the BRI is likely to attract and encourage the renovation capable enterprises with high ESG scores to participate, which in turn further motivates their green technology innovation power.
TABLE 7 | Regression results of heterogeneity of the ESG score level.
[image: Table 7]This can be explained as follows: at the World Climate Conference in Copenhagen in 2009, China announced that its carbon emissions per unit of GDP would be reduced in 2020 by 40%–45% compared to that in 2005. Since then, the Chinese government has implemented measures to encourage enterprises to adopt and accelerate the transition to a low-carbon model. Higher ESG enterprises help reduce agency costs and information asymmetry between firms and investors, and ultimately enhance the level of stock liquidity and shareholder wealth. This motivates and drives firms to go further “green,” especially in green technology innovation.
5.1.3 Heterogeneity of ownership enterprises
China’s state-owned enterprises (SOEs) play an important role in the implementation of the BRI, especially in large-scale overseas infrastructure projects. Compared with non-SOEs, SOEs are financially less constrained and enjoy a privileged position in the domestic financial market (Qi et al., 2018; Qi et al., 2021), which provides them with financial advantage in engaging in large-scale R&D investment and new-product production and circulation (Jiang et al., 2022). Given their privileged position in the political economic system and low autonomy and accountability, SOEs are normally viewed to have a lower level of risk management practice and awareness, as well as SOEs are innovation-motivated when compared to the non-SOEs. On the other hand, although the non-SOEs have a high flexible decision-making mechanism, they are usually credit- and manpower-constrained, which leads to low willingness to participate in green transformation. The BRI can help alleviate the financial and human resource constraints of non-SOEs through an expanded market access along the BRI route, which allows non-SOEs to build and gain substantial momentum in innovation.
Table 8 presents the estimation results of the ownership-based heterogeneous influence of the BRI on innovation; in particular, columns (2), (4), and (6), respectively, report the empirical results of the BRI influence on non-SOEs’ number of green patent applications, independent innovation, and collaborative innovation. The coefficients of the BRI are 0.195, 0.176, and 0.122, respectively, and they are all significant at the 1% level. The results suggest that the BRI can significantly increase the number of green patent applications, independent innovation, and collaborative innovation for China’s non-SOEs. The finding lends support to our proposition that the BRI can help alleviate non-SOE financial and human resource constraints through expanded market access along the BRI route and promote non-SOE innovation momentum. However, given that China’s SOEs cover a wide range of strategic sectors, especially in heavy-polluting industries and utilities such as coal, steel, and cement, and also face complex problems such as overcapacity and technical bottlenecks, the heterogeneous results can be possibly biased. Therefore, it is necessary to conduct some further analyses about the heterogeneous influence brought by the characteristics of heavy-polluting industries in the next sub-section.
TABLE 8 | Regression results of heterogeneity of ownership enterprises.
[image: Table 8]5.1.4 Triple difference model of heavy-polluting industry enterprises
To deal with the endogenous problem, we run a triple difference (DDD) model by Supplementary Eq. S1 to assess the heterogeneous impact of the BRI on green innovation in China’s heavy-polluting industries only, and Table 9 reports the results. Table 9 shows that the coefficient of Treat*Post*Indpoll is significantly positive in the overall green innovation and independent innovation forms, and both are significant at the 5% level. The results are consistent with the early findings that the BRI has significantly enhanced the level of green innovation in Chinese heavy-polluting industries, due to the greening of the BRI and increasingly the environmental governance.
TABLE 9 | DDD regression results of heavy-polluting industry enterprises.
[image: Table 9]In summary, our heterogeneity analysis provides additional information about the impact of the BRI on firm green innovation. The BRI can promote green innovation, especially the collaborative mode of green innovation, for the participating enterprises with high R&D and high ESG scores, as well as enterprises in the heavy-polluting industries. In addition, as the BRI can help alleviate non-SOE financial and human resource constraints due to the expanded market access, the initiative can significantly enhance non-SOE green innovation, in particular, in both the collaborative and independent modes.
5.2 Transmission mechanism of the BRI
To further advance our understanding of the transmission mechanism of the BRI in increasing green innovation, we assess the impact of the BRI on the level of green innovation by first considering the easing of the financial constraints of firms and then the efficiency improvement of innovation transformation.
5.2.1 Mediating effects of financial constraints
We estimate Eqs 2, 3 to assess BRI’s transmission mechanism in increasing green innovation by considering alleviating the financial constraints of the firms, and Table 10 reports the estimation results. Table 10 shows that the cross-term coefficient is significantly positive in column (1), indicating that enterprises’ participation in the BRI is helpful in improving good capital liquidity and alleviating financial constraints. Then, in columns (2) and (4), it was found that the coefficient of the interaction item is significantly positive at least at the 5% significant level, but the coefficient of the KZ index is not significant, so the Sobel test is needed. Sobel test values are significant at the 1% level, which shows that financial constraints have partial mediation effects in the aforementioned mechanism.
TABLE 10 | Regression results of mediating effects of financial constraints.
[image: Table 10]The possible reasons are as follows: As an enterprise’s participation in the BRI construction may send positive signals to international investors, it helps enhance its public recognition and reputation, and attract foreign investment through enlarged financing channels and market access. On the other hand, the regional governments and financial institutions in China also provide favorable fiscal incentives and financial supports to enterprises participating in the BRI construction, including providing low interest rate green loans and reducing trade tariffs, which helps alleviate the financial constraint of those enterprises related to the BRI. Thus, the BRI can help ease the financial constraints of enterprises and promote the green innovation transformation of enterprises.
5.2.2 Mediating effects of patent achievement conversion
Table 11 shows the estimation results on the transformation channels of patent achievements. It can be observed that the coefficient of interaction is significantly positive in column (1), indicating that enterprises participating in the BRI can improve the efficiency of patent technology transformation. Then, in columns (2), (3), and (4), the coefficients of mediating variables are 0.103, 0.088, and 0.063, respectively, and they are all significant at the 1% level, which suggests that the transformation of patent achievements has produced a full mediation effect in the aforementioned mechanism. The findings are consistent with our causal observation. On the one hand, enterprises participating in the BRI can transfer excess production capacity and technological advantages effectively through tech-innovation channels to gain the needed liquidity support for their R&D expenditures. On the other hand, to participate in the BRI, enterprises need to gain access to the advanced technological means in BRI countries. This will help facilitate knowledge spillovers and technology transfer, and enhance the efficiency of patent conversion. As a consequence, technological progress and improved efficiency of the patent transformation through BRI participation will promote eco-efficiency and the total factor productivity (TFP) of firms. Thus, the BRI plays an instrumental role in bringing in and driving out patent technology transfer and improving the efficiency of patent transformation.
TABLE 11 | Regression results of mediating effects of patent achievement conversion.
[image: Table 11]6 CONCLUSION AND POLICY IMPLICATIONS
This paper empirically examines the driving factors and heterogeneous mechanisms influencing green technology innovation and innovation modes among Chinese listed enterprises participating in BRI projects. To capture the impact of inconsistent policy shocks, we construct a multi-period DID model using panel data of Chinese listed enterprises spanning from 2007 to 2021. The primary findings can be summarized as follows:
First, the BRI positively impacts the number of green innovation patent applications and significantly promotes collaborative innovation. Several robustness checks confirm this finding. Second, it is noteworthy that the BRI promotes non-SOEs, and enterprises with high R&D investment and ESG scores to engage in green technology innovation, especially in the collaborative innovation mode. The BRI also favors the green innovation of enterprises in heavy-polluting industries, especially for their independent innovation. Finally, it was found that the sources of the BRI influence on enterprises’ green innovation largely stem from government support, financial institutions, and scientific research institutions aiding enterprises involved in BRI construction. This support operates through two channels: easing financial constraints and enhancing the efficiency of patent transformation.
Our findings have several important policy implications. First, to promote firms “going global and going green” along the Belt and Road, the government should focus on certain policy measures intended to alleviate the financial constraints of firms and improve the efficiency of patent transformation of the enterprises. Second, the BRI promotes green innovation of enterprises not only in terms of quantity but also in quality through enhanced connectivity along the Belt and Road and improved efficiency of innovation resource allocation and spillover effects. Our results suggest that enterprises, especially in the heavy-polluting industries, can enhance their collaborative and green innovation and transformation in both the upstream and downstream of the industrial supply chain by actively participating in the BRI investment projects. Finally, the enterprises, especially non-SOEs, should take advantage of the BRI which can help alleviate their financial and human resource constraints through expanded market access along the Belt and Road, and promote their innovation momentum. This will also help firms transfer excess production capacity facilitate, and hence enhance the efficiency of patent conversion. Technological progress and improved efficiency of innovation transformation through BRI participation will promote eco-efficiency and further improve the TFP of firms.
This study has several limitations that suggest future research opportunities. First, this study mainly focused on the impact of the BRI on enterprises’ green innovation from the perspective of financial constraints and patent transformation, but there is reason to think that this is not the only way. For example, some external and macro-factors such as institutional regulation and economic policy uncertainty (EPU) may also affect the explanatory power of the research. Second, due to the limitation of data availability, the research sample only covers Chinese listed enterprises, excluding non-listed enterprises, especially those small and medium-sized enterprises (SMEs) with strong innovative vitality. These could be considered in the future research.
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