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We show that innovative activities exacerbate environmental degradation based on data covering 52 countries between 1990 and 2014. Yet, innovative activities carried out in countries with greater financial development pose less environmental harm. Additionally, we show the equity market is more effective concerning dampening effect of innovation on carbon emissions. With a dynamic panel threshold method, we find that innovation is significantly associated with improvements in environmental quality when the private sector credit and market capitalization of listed domestic companies exceed threshold levels of about 65 and 16% as a share of GDP respectively. We also look into the relationship between financial structure and the innovation-pollution nexus. We show that innovation promotes environmental quality in countries that have a relatively more equity-based financial system. Our empirical evidence calls for policymakers to identify the optimal level of finance to mitigate pollution resulting from innovative activities and realign the financial structure in accordance with the innovation-pollution nexus.
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1 INTRODUCTION
Human-induced climate change is causing widespread adverse effects and damage to the environment and human life across sectors and regions (IPCC, 2022). As a result of economic activities, burning fossil fuels over the past century has increased atmospheric carbon dioxide (CO2). It is widely acknowledged that CO2 emissions are the principal cause of global warming since they are responsible for about half of the Earth’s net radiative forcing (net solar retention). Global warming is expected to cause widespread extinction due to rising temperatures and more extreme weather events. It is undoubtedly true that initiatives aimed at the reduction of greenhouse gas emissions contributed spur global action and prompted international protocol adoption. While only a few countries are involved, hundreds of international environmental agreements already exist, contributing to the development of the international environmental regime. According to the Climate Transparency Report (2020), evidence from G20 countries indicates that developing countries suffer the greatest vulnerability to climate change, yet they also exhibit the least level of readiness and are most challenged. Developed countries are obligated to boost climate financing to support developing countries in their efforts to combat climate change. While the level of financial development in developed and developing countries differs greatly, we believe that this key factor will have an impact on the relationship between innovation and pollution. Therefore, the goal of this study is to investigate the effect of innovation on carbon emissions over a global panel of countries and to analyze how financial development might affect the innovation-pollution nexus.
With the goal of reducing pollution and improving the environment, efforts have been conducted to pinpoint factors that influence emissions. In this regard, numerous studies have identified a number of factors as significant contributors to pollution, including economic growth (Saboori et al., 2012; Cai et al., 2018; Dong et al., 2018; Mardani et al., 2019); renewable energy consumption (Shahbaz et al., 2013; Cai et al., 2018; Mahmood et al., 2019); urbanization (Lin et al., 2017; Fang et al., 2020); population (Ara et al., 2015; Zhang et al., 2018); and international trade (Ren et al., 2014; Muhammad et al., 2020). Recently, innovations and countries’ levels of development in the financial sector have come under the spotlight for their impact on the environment. The innovation process has been identified as a critical driver of economic development. On one hand, it promotes the use of clean energy, which directly lowers carbon emissions. On the other hand, innovation might lead to a rise in carbon emissions even while energy efficiency technology has advanced. Recent studies discovered innovation practice tends to exert different impacts on sustainable development across different national contexts and historical periods (Ibrahim and Vo, 2021; Zhao et al., 2021; Latif et al., 2022; Tze San et al., 2022Yu et al., 2022). Likewise, the development of the financial sector has also been firmly placed at the center of the debate over environmental quality. Nonetheless, existing studies downplays the significance of the interaction between financial development and innovation which are required to be seen in conjunction with the environment. This study seeks to obtain a more comprehensive picture of financial development not only by incorporating the credit market as well as the equity market but also demonstrate its specific mechanism through which act on innovation via different financial markets, thereby influencing the environmental sector.
Based on the theory of economic development, Schumpeter (1911) argued that financial intermediaries mobilize savings, evaluate projects, manage risk, monitor managers, and facilitate transactions, which makes external financing more affordable for firms, contributing to technological innovation and economic growth, thereby supporting environmental sector activities through this channel. Theoretically, equity markets and credit markets are seen to play different roles in the development of innovation. Regarding the equity market, since firms’ equity financing is not subject to strict collateral requirements, it provides a set of risk management options for investments in riskier, yet innovative projects (Levine, 2005). This makes equity financing particularly suitable for startups, high-tech, and innovative companies (Carpenter et al., 2020). In this sense, the development of equity markets provides countries with greater access to cutting-edge technologies and channel funds to environmentally friendly firms, enabling them to improve energy efficiency and create sustainable innovations, thereby reducing CO2 emissions (Paramati et al., 2017; Bardos et al., 2020). On the other hand, some literature suggests that the development of equity markets may stifle innovation. In advanced countries, fully functioning markets could lead to a market for corporate control, which might encourage firms to acquire other companies instead of expanding organically, which could be detrimental to the innovation in the real economy and cause environmental problems (Singh, 1991).
Given that credit financing is pledgeable, the credit market tends to favor conservative investments, which deters businesses from launching significant and innovative enterprises (Morck and Nakamura, 1999). In the absence of price signals, the development of credit markets is unable to gather crucial data about companies’ investment prospects to guide their real investment strategies (Allen and Gale, 1999). This could also lead to uncertain impacts on the environment. The different effects of credit and equity markets on the innovation-pollution nexus are illustrated in Figure 1. The figure illustrates that illustrate that the slope between innovation and CO2 emissions appears steeper for countries of lower financial development. The scatterplot implies that the negative effect on environmental quality from innovation could be stronger for low financial development countries. Moreover, when financial developments are proxied by the equity market, innovation has a milder impact on CO2 emissions.
[image: Figure 1]FIGURE 1 | Financial development and innovation-pollution nexus. The countries are categorized by the level of credit market development and equity market development specifically. The countries are divided into two categories, low and high FD countries.
Three implications may be derived from the above discussion. First, we would find evidence that innovation increases carbon emissions if energy consumption from expanded innovative activities exceeds the energy consumption savings gained through enhanced green innovative technology. Conversely, innovation decreases carbon emissions. Second, financial development may affect the speed of how innovation is transferred to energy consumption, thus influencing pollution. Third, financial development may also impact innovations per se in promoting environmental quality. Finally, the credit market and equity market affect innovation as well as the innovation-pollution nexus through different underlying mechanisms.
In light of the research gaps outlined above, the contribution of this study lies in four ways. First, this study offers cross-country evidence to show how innovation impacts environmental quality by utilizing data from a large number of countries from 1990 to 2014. Second, we employ a comprehensive financial development proxy that includes the credit and equity markets to examine how their varying effect on innovation will impact environment quality individually. Third, this study examines whether the relationship between innovation and CO2 emission exhibits threshold effects such that innovation’s contribution to environmental quality is related to the level of financial development of countries. By adopting a novel dynamic panel threshold model that accounts for the endogeneity issue, the study unearths the role of financial development in innovation–pollution nexus. Fourth, we also examine how innovation activities affect environmental quality under different structures of financial systems, namely bank-based and equity-based financial systems, which have seldom been investigated in previous studies before.
By relying on 52 countries, we show that innovative activities exacerbate environmental degradation between 1990 and 2014. Nevertheless, beyond a certain level of financial development, higher innovation exhibits a weaker negative impact on environmental degradation. Furthermore, by utilizing a dynamic threshold model, we find that innovation is significantly associated with improvements in environmental quality when the private sector credit and market capitalization of listed domestic companies exceed threshold levels of about 65 and 16% as a share of GDP respectively. We also document the impact of different structures of financial systems on the innovation-pollution nexus. We show that innovation promotes environmental quality in economies that are relatively more equity-funded.
The remainder of the paper is structured as follows. Section 2 reviews the literature. Section 3 specifies methodology and data. Section 4 discusses the empirical results. Section 5 concludes.
2 LITERATURE REVIEW
2.1 Innovation-pollution nexus
It is undoubtedly true that initiatives aimed at the reduction of greenhouse gas emissions have sparked a global movement to explore ways of improving environmental quality. On the one hand, innovation encourages the use of clean energy, which directly lower carbon emissions. On the other hand, innovation, which is a critical driver of economic development, can result in higher overall energy consumption, which would lead to higher carbon emissions despite the advancements in energy efficiency technologies. In this regard, the findings on the innovation-pollution nexus are mixed across different national contexts and historical periods.
Using panel data from 1990 to 2016, Dauda et al. (2021) found, in line with EKC’s assumption, that innovation and CO2 emissions were negatively correlated in a number of African countries. Dauda et al. (2021) discovered a negative relationship between innovation and CO2 emissions in selected African countries by using the panel data from 1990 to 2016. Töbelmann and Wendler (2020) investigated how environmental innovation affected CO2 emissions in the EU-27 countries from 1992 to 2014. Using GMM in a dynamic panel, they note that the impact of innovation varies across countries, where less developed countries tend to exhibit a higher degree of heterogeneity. Additionally, they find that general innovative activity does not influence the reduction of carbon dioxide emissions, but only environmental innovation does. Similarly, using a panel data set over the period 1996 to 2012, Du et al. (2019) observe that green innovations have a modest impact on carbon dioxide reduction in economies that have income levels below the threshold, whereas the reduction is substantial in economies with income levels above the threshold. Fernández Fernández et al. (2018) used data from 1990 to 2013 to investigate the impact of innovation on CO2 emissions in the European Union, the United States, and China. Studies have shown that research and development expenditures have contributed substantially to reducing CO2 emissions for developed countries but not for developing countries. Accordingly, innovations in various national contexts should have different environmental effects. Similarly, other studies show that innovation in different forms will also exert different outcomes on CO2 emissions. According to Yan et al. (2017), who investigated the effects of low-carbon innovations for 15 major economies between 1992 and 2012, clean innovations considerably reduced CO2 emissions while grey innovations (which are not carbon-free) had little of an effect.
2.2 Financial-innovation-pollution nexus
2.2.1 Financial development-innovation nexus
Usually, literature relates financial development and innovation to growth and supports the idea that they are positive as well as strongly related to one another. It has been argued by King and Levine, (1993) that more efficient and effective financial systems can significantly enhance innovation and, as a result, accelerate economic growth. Benfratello et al. (2008) examined a range of Italian firms from the 1990s and found that financial development was associated with process innovation.
In recent years, some scholars have demonstrated that finance and innovation may not have a monotonic relationship. Zhu et al. (2020) found that higher levels of financial development are correlated with lower levels of innovation based on a dynamic panel threshold model. Trinugroho et al. (2021) also revealed an inverted U-shaped non-linear relationship between finance and innovation by utilizing panel data from 68 developed and developing countries during 1995–2018. Further studies have shed light on what role equity markets and credit markets play in the development of innovation. Regarding the equity market, there are two opposing viewpoints regarding its development, both positive and negative. On the one hand, since firms’ equity financing is not subject to strict collateral requirements, it provides a set of risk management options for investments in riskier, yet innovative projects (Levine, 2005). This makes equity financing particularly suitable for young, high-tech companies (Carpenter and Petersen, 2002). Le et al. (2019) demonstrate that stock market-based financial development is positively correlated with patent applications, which is considered a proxy for innovation. On the other hand, some literature suggests that the development of equity markets may hinder innovation. In advanced countries, fully functioning markets could lead to a market for corporate control, which might encourage firms to acquire other companies instead of expanding organically, which could be detrimental to the real economy (Singh, 1991).
Concerning the credit market, two implications relating to its role in innovation may also be considered. Given the pledgeable nature of credit financing, credit markets tend to favor conservative investments, which discourage firms from undertaking innovative and valuable projects (Morck and Nakamura, 1999). Xiao and Zhao (2012) have shown that bank credit promotes innovation in countries with low levels of government ownership of banks; however, in countries with a higher level of government ownership of banks, it can sometimes be detrimental. Hsu et al. (2014) examine the effect of the equity market versus the credit market in their study, demonstrating that the development of the credit market seems to inhibit innovation as a result of the lack of price signals.
Nonetheless, existing studies neglect the importance of the interactive effect of financial development and innovation which are required to be seen in conjunction with the environment.
2.2.2 Financial development-pollution nexus
An effective and functional financial sector contributes to economic growth (Schumpeter, 1911; King and Levine, 1993). According to Levine (2005), the development of financial systems (banks, capital markets, laws and regulations about banks, and capital markets) is geared towards reducing barriers to financing, monitoring, and gaining access to financial information at a lower cost, thereby supporting environmental sector activities through this channel. However, its precise impact on environmental quality remains unclear. One strand of the literature suggests that well-developed financial sectors may lead to environmental degradation. For example, Park et al. (2018) reported that environmental quality is adversely affected by financial development in selected European Union (EU) countries because domestic credit to the private sector is invested in non-environmentally friendly projects. In addition, private credit growth has been associated with an increase in CO2 emissions as a result of higher energy consumption. Further, based on a comparison of developed and developing countries, Shoaib et al. (2020) investigated the impact of financial development on CO2 emission over the period 1999 to 2013. The study shows that financial development has a more significant and positive impact on carbon emissions in developing countries. Sunday Adebayo et al. (2022) demonstrate that the effects of financial development vary between countries owing to differences in political, social, and economic shocks. Moreover, studies by Al-Silefanee et al. (2022) on Islamic countries, Haug and Ucal (2019) on Turkey, Nasir et al. (2019) on ASEAN-5, Fang et al. (2020) on China, and Yang et al. (2021) on BRICS countries, Abid et al. (2022) on G8 countries, documented negative effects of financial development on the environment.
Another strand of literature reported that in fact financial development positively affects the environment by decreasing carbon emissions. Specifically, Paramati et al. (2017) reported stock market growth reduces CO2 emissions in developed economies since it provides investors with access to additional funding sources and can therefore result in higher levels of investment in clean energy projects instead of conventional energy. Likewise, Anees et al. (2019) hold that higher financial development decreases environmental degradation since greater financial sector development contributes to the development of energy-efficient technologies. Kirikkaleli and Adebayo (2021) document that within a global context, financial development contributes to environmental sustainability over the long run. Apart from that, a surplus of empirical studies has also reported a negative relationship between financial development and CO2 emissions. (see, e.g., Abid, 2017; Shahbaz et al., 2018; Umar et al., 2020; Kirikkaleli et al., 2021; He et al., 2021; Brown et al., 2022).
Indeed, as evidenced by the literature, studies on the linkage are mixed and not yet conclusive. Despite this, it also indicates some limitations in the existing body of knowledge. This study intends to get a more comprehensive picture of financial development not only by incorporating the credit creation as well as equity market but also demonstrate its specific mechanism through which act on innovation via different financial markets, thereby influencing the environmental sector.
Accordingly, from the foregoing, studies of these links are mixed and far from being conclusive. To reiterate, existing studies neglect the importance of the interactive effect of financial development and innovation which are required to be seen in conjunction with the environment. Currently, no existing research efforts have been conducted on the specific mechanism through which acts on innovation via different financial markets, thereby influencing the environmental sector. Thus, the present study expands on previous research by systematically analyzing the relationship between innovation and environmental quality under different levels of financial development, both in the credit market and equity market.
3 METHODOLOGY AND DATA
3.1 Data
The research draws on a balanced panel of 52 countries covering the period 1990–2014. We used 5-year non-overlapping average data for all the variables. To be specific, the period is averaged over 5-year intervals, and each variable is covered by a maximum of five observations per country. The empirical investigation is divided into two parts. Firstly, we explore the relationship between innovation and CO2 emissions. Secondly, we assess the influence of financial development on the relationship between innovation and pollution. To achieve this, two methods are employed: a linear system GMM and a dynamic panel threshold.
Given the aim of this study, we use CO2 emissions to measure environmental quality. The higher the emissions, the greater the environmental degradation. In terms of innovation, this study will adopt patent-based measures of innovation, due to the lack of R&D expenditure data accessibility for some developing countries. Patent-based measures which are broadly used in prior studies (Jaffe, 1986; Pradhan et al., 2016; Law et al., 2018; Zhu et al., 2020), can better reflect the effective innovation output compared with the R&D expenditure indicator. Specifically, the total patent application and total patent grants extracted from the World Intellectual Property Organization (WIPO) will be employed as measurements of innovation. Turning to financial development, we employ a comprehensive financial development proxy that contains both credit and equity markets. Following the previous studies (Nasir et al., 2019; Nguyen et al., 2020), the proxy for two forms of markets are presented below:
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Where [image: image]means a country’s domestic credit provided by the banking sector in year t over its GDP in year t, [image: image] refers to country i’s stock market capitalization in year t over its GDP in year t.
We follow the existing studies to include other covariates GDP (Zhang and Zhang, 2018), Trade (Park et al., 2018), Energy (Destek and Sarkodie, 2019), Human capital (Mahmood et al., 2019), Population (Dong et al., 2018) and Urbanization (Lin et al., 2017; Fang et al., 2020) as shown in Table 1. Data sources and descriptive statistics for all variables are summarized in Table 1 and Table 2, respectively.
TABLE 1 | Variable description.
[image: Table 1]TABLE 2 | Descriptive statistics.
[image: Table 2]Based on Table 2, we find an average value of CO2 emissions per capita is 0.397 while the averages of patent applications and grants are 1.198 and 0.471, respectively. Credit market development (FD1) and equity market development (FD2) have mean values of 3.797 and 3.562. Besides, they differ greatly across countries with standard deviations of 1.530 and 1.247, respectively.
3.2 Models specifications
3.2.1 System-GMM model
As the first objective of this research is to investigate the effect of innovation on environmental quality, the baseline model is as follows. Next, we categorized the sample into two categories according to the level of financial development. Initially, the countries are sorted by level of financial development. Following this, we designate the 26 top countries as those with high financial development, while the 26 bottom countries are considered to have low financial development. By following this strategy, we can gain an understanding of how financial development may moderate the relationship between innovation and CO2 emissions. Within each group, the following equation is considered:
[image: image]
Where [image: image] denote country and year, respectively. [image: image] and [image: image]are the current and lagged indicator of environmental quality proxied by CO2 emissions; [image: image] denote innovation; [image: image] denotes the control set including GDP, Trade, Energy, Human capital, Population, and Urbanization; [image: image] captures the stochastic error term. Considering possible endogeneity issues in this study, we implement a two-step dynamic system generalized method of moments (GMM) using lagged dependent variables and regressors as instruments.
Thus, from Equation 1, innovation is supposed to increase pollution if the estimated coefficient ([image: image]) is positive and significant. Moreover, the study also explored whether the financial development of a country moderated the impact of innovation on environmental quality. Therefore, we introduce an interactive term of [image: image] and [image: image] thus producing the equation below:
[image: image]
Where [image: image] denote country and year, respectively. [image: image] and [image: image]are the current and lagged indicator of environmental quality which is proxied by CO2 emissions; [image: image] denotes innovation; [image: image]denotes the financial development indicators, including credit market development and equity market development. [image: image] denotes the control set including GDP, Trade, Energy, Human capital, Population, and Urbanization; [image: image] captures the stochastic error term.
The coefficient for the interactive term-- [image: image]is expected to provide insight as to how financial development impacts innovation–pollution nexus. The marginal effect of innovation on environmental quality is [image: image]. Theoretically, in countries with higher levels of financial development, innovation has a smaller impact on CO2 emissions. Consequently, if there were any ''diminishing effect'' on innovation-pollution caused by financial development, it is expected that [image: image] will be greater than 0 and [image: image] will be negative.
3.2.2 Dynamic panel threshold model
To give a precise estimated threshold value where the effects of innovation on the environment under the impact of financial development begin to change, this study adopts a novel GMM method proposed by Hansen (1999), created by Seo and Shin (2016), and Seo, Kim, and Kim (2019), where the transitional variable and other covariates are allowed to be endogenous and were extended from prior panel model (Caner and Hansen, 2004; Kremer et al., 2013).
Financial development is considered a threshold indicator in the study, whereas innovation is a regime-dependent variable that varies based on the estimated threshold of financial development. Our notation here is similar to that used in Eq. 1. Accordingly, the model given in Eq. 2 follows:
[image: image]
Where [image: image] denote country and year, respectively. [image: image] and [image: image]are the current and lagged indicator of environmental quality proxied by CO2 emissions; [image: image]denotes the financial development indicators, including credit market development and equity market development. [image: image] represents all the explanatory variables, including INNO, GDP, Trade, Energy, Human capital, Population, and Urbanization. The variable I (·) operates as an indicator, giving a value of one provided that the condition in parentheses holds true and zero otherwise. Finally, the bootstrap test of linearity developed by Seo et al. (2019) is adopted to test if there is a threshold or not. If there is a threshold, [image: image]: [image: image]should be rejected for any[image: image], where [image: image] denotes the parameter set, [image: image] is the standard Wald statistic for each fixed [image: image], and [image: image] is the GMM estimator of [image: image] for a given [image: image], as shown in the equation below.
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4 EMPIRICAL RESULTS
4.1 Innovation and CO2 emissions
In Table 3, the basic results of Eq. 1 are presented. We use patent applications and grants as proxies for innovation, and CO2 emissions as the proxy for environmental quality. We propose a two-step GMM approach for estimating Eq. 1. Considering the downward bias in the computation of the standard errors by two-step estimation, we apply the Windmeijer correction.
TABLE 3 | Innovation and environment quality: 1990–2014.
[image: Table 3]Starting with an analysis of how innovation impacts CO2 emissions, As shown by the full sample results, the overall impact of innovation on CO2 emissions is positive and significant. GDP/capita and energy exhibit significant negative and positive effects on CO2 emissions respectively. Moreover, human capital, population, and urbanization exhibit a positive but insignificant effect on CO2 emissions. Specifically, based on Table 3, we find a positive effect of innovation on CO2 emissions where a 1% rise in innovation increases CO2 emissions by 0.001468%. Consistent with another recent cross-country study by Chen and Lee (2020), innovation didn’t show a mitigation effect on environment quality globally. Our finding indicates that higher innovation increases environmental degradation. Despite the fact that innovation can enhance the efficiency of resource use, their marginal importance is diminishing, and the expansion of economic scale may still necessitate using a greater amount of natural resources, which will adversely impact the environment (Newell, 2009).
4.2 Innovation, CO2 emissions and financial development
4.2.1 The effect of innovation on CO2 emissions for sub-samples
Next, we examine how innovation impacts CO2 emissions under different samples. We split the full sample into the low and high levels of credit market and equity market development countries. As shown in Table 4 and Table 5, the effect of innovation on CO2 emissions for low financial development countries is higher than that of high financial development countries. Throughout subsamples, we find that the coefficient estimate of innovation (INNO) is of greater magnitude and statistically more significant among countries with a low level of financial development (LFD). Additionally, we observe that for credit market development groups there is a greater dampening effect of innovation than for equity market development groups, given the coefficients of innovation. Below the Tables, we record the p-values for the AR (2) and Hansen J-tests. It is apparent from the AR (2) test that there is no significant correlation between the error term and the lagged dependent variable, indicating the use of two lags as a valid instrument. The Hansen test indicates that the specifications are not over-identified. This is in accordance with Figure 1.
TABLE 4 | Financial development, Innovation, and environment quality: 1990–2014. (Innovation = Patents applications).
[image: Table 4]TABLE 5 | Financial development, Innovation, and environment quality: 1990–2014. (Innovation = Patents grants).
[image: Table 5]4.2.2 Interaction analysis
The interaction analysis is summarized in Table 6. For both credit market development and equity market development, there is consistent evidence that the interaction coefficient is negative, and that the coefficient of innovation (INNO) is positive and significant. As shown in Eq. 2, the average marginal effect of innovation on CO2 emission is [image: image], since [image: image]> 0 and [image: image] < 0, the impact of innovation on environmental quality is decreasing in proportion to financial development. The results indicate that the marginal effect follows a downward trend and is mostly positive. These findings are in accordance with Tables 4 and 5.
TABLE 6 | The effect of innovation on environment quality with level of financial development: 1990–2014.
[image: Table 6]4.2.3 Dynamic panel threshold result
We can observe from Table 7 that a threshold is identified where γ (financial development) equals 4.181 and the bootstrap linearity test confirms the existence of the threshold effect. In simple terms, it is evident that innovation has a significantly different impact on CO2 emissions in the two regimes. In more detail, as shown in Figure 1 and Figure 2, innovation has a statistically significant and stronger positive effect on CO2 emissions in the lower financial development regime but is less correlated with CO2 emissions in the higher financial development regime. Therefore, it can be concluded that, with the growth of countries’ level of financial development, the CO2 emissions will increase at first and then reduce more slowly once the financial development exceeds the threshold value. The estimated threshold value of financial development is 65 and 16% as a share of GDP for the credit market and equity market respectively. The threshold value doesn’t show much difference when we use patent applications and grants as two indicators.
TABLE 7 | Dynamic Panel Threshold Analysis: The effect of innovation on environment quality with level of financial development, 1990–2014.
[image: Table 7]4.1.4 The impact of financial structure on innovation-pollution nexus
As discussed above, equity markets and credit banks appear to exert different influences on the innovation-pollution nexus. Inspired by the work of Yao and Tang (2021), we introduce the financial structure to further investigate whether more equity-funded countries have more stringent pollution controls on innovative activities. We define Financial Structure (FS) as the proportion of stock market financing in total financing through credit and stock markets (De Haas and Popov, 2019):
[image: image]
The countries are divided into two groups by value of Financial Structure on an ascending scale. In our sample of countries, the top half is defined as more equity-based, while the bottom half is defined as more bank-based. We examine the structure of financial systems because the potential effect of innovation on pollution may be shaped by the financing mechanism of innovative activities in a country.
Table 8 provides the effect of financial structure on the innovation-pollution nexus. The results show that INNO has the expected signs. Specifically, innovation has a significant and positive effect on CO2 emissions in countries that are relatively more bank-based while in equity-based countries, innovation is found to have a significant and negative impact on CO2 emissions. This suggests that stock markets are better at funding innovation in an environmentally friendly way than banks.
TABLE 8 | Financial structure, innovation, and environment quality.
[image: Table 8]5 CONCLUSION AND IMPLICATIONS
We show that innovative activities exacerbate environmental degradation based on data covering 52 countries between 1990 and 2014. Yet, in countries with higher levels of financial development, their innovative activities are found to be less harmful to the environment. Additionally, the dampening effect of innovation on environmental quality is greater for credit market development groups than for equity market development groups. With a dynamic panel threshold method, we investigate the relationship among financial development, innovation, and environmental quality. We find that innovation is significantly associated with improvements in environmental quality when the private sector credit and market capitalization of listed domestic companies exceeds a threshold level of about 65 and 16% as a share of GDP respectively. Further, we also examine the relationship between financial structure and the innovation-pollution nexus. We show that innovation promotes environmental quality in countries that have a relatively more equity-based financial system.
From a policy perspective, the study highlights the importance of channeling funds to environmentally friendly and innovative activities for pollution reduction. We believe that identifying the direction of funds flow, as well as the sufficient level of finance, are both essential for maximizing mitigation pollution in response to innovations. Regarding credit markets, given the mean level of financial development (% of GDP) across different countries, the majority of the countries in this study have not reached the estimated threshold levels under which innovations do not lead to pollution. Accordingly, it is imperative for policymakers to incorporate green indicators as one of the conditions for providing credit. Concerning the equity market, our study shows that in the equity market, performance is better than in the credit market, with a lower threshold point based on the estimated innovation-pollution relationship. Thus, equity markets demonstrate a greater potential to contribute to the innovation-pollution nexus. Based on our findings, we recommend that in addition to monitoring and overseeing green actions in the real sector, countries should realign the financial structure in accordance with the innovation-pollution nexus, which is essential to green growth, by promoting innovation that leads to green transition.
The study has several limitations that can be addressed by future research. Firstly, this study provides cross-country evidence, but the results may vary in countries. Therefore, this framework can be used by future researchers to split the countries into different groups to examine if comparable results can be achieved. We believe it is valuable to see the results from various locations. Secondly, the environmental quality can be measured in other ways such as ecological footprint which includes more comprehensive indicators of anthropogenic actions, thus it could be considered in further research. Thirdly, apart from financial development, more factors should be taken into account in the innovation-pollution nexus, such as institutional quality, financial inclusion, green innovation, and circular economy principles. Finally, our study collected general patent data as the indicator of innovation in each country, but future studies can utilize patent applications and grants in environment-related technologies to focus on green innovation instead of general innovation.
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Interaction ~0.0001* -0.0002° ~0.0001* ~0.0002**
(0.0925) (0.0323) (00735) (0.0276)
GDP -0.1482** -0.1916** -0.1491* -0.2283*
(0.0000) (0.0000) (0.0000) (0.0095)
Trade -0.002389 -0.001234 -0.003109 ~0.04662
(0.8078) (0.9562) 07617) (02677)
Energy 01340 0.1634** 0.1349% 02258+
(0.0000) (0.0000) (0.0000) (0.0085)
Human capital 000006171 0.06093 0.002519 -0.07589
(0.9992) (0.4727) (09655) (0.5708)
Population 0007314 0.005067 0.006819 ~0.006559
(02675) (0.6012) (03032) (0.6891)
Urbanization 003269 0.06187 003297 004468
(0.4082) (0.1839) (0.4089) (0.4408)
_cons 03993 0.1902 03933 10637
(0.1234) (0.6237) 01272) (0.1285)
Obs 104 104 104 104
Countries 52 52 52 52
AR (2) 0214 0214 0211 0945
Hansen | test 0368 0.299 0.409 0253
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Private sector credit

Market capitalization

Applications Grants Applications Grants
L.CO, 07143 06743 07801+ 0.7214%%%
(0.0099) (0.0000) (0.0000) (0.0121)
INNO
Belowy 0.0007* 00024 00016+ 00059+
(0.0003) (0.0006) (0.0509) 0.0)
Abovey ~0.0868" ~0.0490%% ~0.0402% ~0.0534°%*
(0.0310) (0.0174) (0.0076) (0.0090)
GDP ~0.0985"* ~0.1070% ~0.0662* ~02283*
0.0115) (0.0076) (0.0090) (0.0095)
Trade ~0.0789"* 00014 ~0.0542* ~0.0787***
(0.0091) (0.0090) (0.0091) (0.0090)
Energy 0.032 00949 01044+ 01606
(0.0200) (0.0170) (0.0162) (0.0170)
Human capital ~0.1558" 00255 00014 0.0971%%%
(0.0315) (0.0149) (0.0185) (0.0217)
Population 00184+ -0.0059* -0.0072** 0.0070%
(0.0035) (0.0023) (03032) (0.0039)
Urbanization 0.0729* 00251 ~0.2001** ~0.1025***
(0.0288) (0.1839) (0.0294) (0.0176)
kink_slope 03993+ ~0.0513* ~0.0418° ~0.0592
(0.1234) (0.0168) (0.0074) (0.0082)
Threshold FD FD FD FD
y 41808+ 42550 27711 277110
Bootstrap p-value for linearity test 0.000 0000 0.000 0.000

Note: The 5-year averages are used in all variables; For each regression, windmeijer correction is applied; ***, **, and * show statistical significance at the 1, 5, and 10% levels, respectively.
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Innovation
Patent applications (INNO)
Patent grants (INNO)
Financial Development
Private sector credit (FD1)
Market capitalization (FD2)
Control Variables
GDP
Trade Openness (trade)
Energy
Human capital
Population

Urbanization

€O, emissions (kg per PPP § of GDP)

Total resident patent applications count by applicant’s origin

Total resident patent grants count by applicant’s origin

The natural log of domestic credit to private sector (% of GDP)
The natural log of market capitalization of listed domestic companies (% of GDP)

The natural log of GDP per capita, PPP (current international $)

The natural log of imports plus export of goods and services (% of GDP)
‘The natural log of energy use (kg of oil equivalent per capita)

The natural log of school enrollment, primary (% gross)

Population growth (annual %)

The natural log of Urban population (% of total population)

World Development Indicators (WDI)

World Intellectual Property Organization (WIPO)
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