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Green sustainable development is a major challenge faced by countries worldwide. Against the strategic background of innovation-driven development, studying the impact of science and technology finance policy (STFP) on urban green development is of great practical significance. Based on urban panel data from 2003 to 2019, this study systematically examines whether and how STFP affects urban green development in China using the difference-in-differences (DID) method. The empirical results show that STFP has significantly stimulated the urban green development level, and the effect of policy implementation has increased first and then decreased over time. The findings remain robust when using propensity score matching DID to avoid selection bias and other factors that may interfere with the estimation results. Additionally, technological innovation and green innovation are essential channels for STFP to improve urban green development. The impact of STFP is found to vary by region and by the level of urban innovation. Specifically, the policy effect is more pronounced in midwestern and high-innovation cities but less obvious in eastern and low-innovation cities. In conclusion, this study provides city-level empirical evidence from China for an in-depth understanding of the green economy effect of STFP. It also provides theoretical guidance and policy references for accelerating the green transition in the context of sustainable development.
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1 INTRODUCTION
In recent years, China’s economy has maintained rapid growth, rising to become the second largest globally. China has also contributed to the history of world development. However, as the economy transitions from high-speed growth to high-quality development, China must overcome important hurdles of pollution control and ecological restoration (Zhang, 2007; Sheng and Tang, 2016; Shao et al., 2018). In the traditional industrial era, production activities were driven by the input of factors that produced large amounts of pollutant emissions. This is not conducive to long-term economic development (Reid et al., 2007). Balsa-Barreiro et al. (2019) analyzed the global shift of centers of gravity related to gross domestic product (GDP), carbon dioxide (CO2) emissions, total population, and urban population during 1960–2016. They pointed out that China now shows evidence of a certain economic maturity, indicating more efficiency in the consumption of resources and energy. China is in a more advanced stage of industrialization than India, with a slight decoupling trend between economic growth and emissions. Yet, many regions and industries in China continue to pursue economic development through a model of high investment and high pollution, resulting in increasingly prominent environmental problems (Yue et al., 2018; Wang and Feng, 2021). China’s Environmental Performance Index score and ranking have remained relatively low over recent years (Pan et al., 2021). In January 2022, China’s urban air quality report showed an average of 59.5% of days with excellent air quality in 168 cities, a 5.3 percentage point decrease year on year. However, environmental quality varies greatly between Chinese cities.
The novel green development model represents a shift from the traditional development model. It incorporates environmental protection into the goal of sustainable development while remaining constrained by environmental and resource-carrying capacity constraints (Dai et al., 2016; Bagheri et al., 2018). The 14th Five-Year Plan points out that harnessing the urban and rural living environment and maintaining the stability of the ecosystem is vital to promoting high-quality economic development and improving people’s quality of life. As an important part of the new development concept, green development needs the participation and support of enterprises and the public. To this end, the government needs to elevate the concept to the national strategic level (Li et al., 2020). In 2011, the Ministry of Science and Technology and four other ministries established pilot cities to “promote the combination of technology and finance”—the country’s first policy measure to foster technological innovation at financial level. In general, the government is committed to increasing research and development (R&D) investment to pursue technological progress, aiming to improve production efficiency and energy efficiency (Liu and Lin, 2019). Continuous financial development makes high-tech industries and advanced technologies more attractive to domestic and foreign markets, thus helping to transform the current economic development model into green development (Qian et al., 2021). Previous studies have mainly examined the unilateral impact of technological innovation or financial development on environmental protection, with only a few scholars combining the two. Therefore, researching how science and technology finance policy (STFP) impacts urban green development has essential reference value and practical significance for China’s efforts toward establishing a new development pattern and promoting high-quality development.
Studies have shown that combining technology and finance can promote regional economic growth. However, few studies report the impact of STFP implementation on green development, and the effect mechanism has not been thoroughly examined. We address this gap in the literature as follows. First, we construct 18 secondary index evaluation systems based on ecology, economy, and society, then use the entropy weight method to measure the indicators of urban green development. Second, we utilize the difference-in-differences (DID) method to evaluate the effect of STFP implementation. In addition, we apply propensity score matching (PSM)–DID to eliminate selection bias. Third, we use dynamic tests to study the time-varying impact of STFP on urban green development. Fourth, we introduce technological innovation and green innovation as two variables for mechanism analysis, thus deepening our understanding of the relationship between STFP and green development. Finally, because economic development and innovation levels vary significantly across regions, we divide the sample into eastern and midwestern cities and into high-innovation and low-innovation cities to investigate the heterogeneity of the influence of STFP on urban green development.
The study makes four main contributions. First, by analyzing the impact of STFP on urban green development, we enrich theory on the green economy, expand the literature on evaluating STFP’s economic impact, and provide valuable insights for the widespread promotion of STFP. Second, we address the lack of empirical evidence on the impact of STFP on urban green development. Third, in terms of evaluation methods, our study considers the implementation of STFP as an exogenous impact on each city and uses the DID method to effectively analyze how STFP affects the green economy. Compared with previous research, our approach avoids interference from other relevant policies on the measurement results, producing more accurate findings. Fourth, our results show that continuing to deepen STFP can not only improve technological innovation but also help promote green innovation.
The remainder of this study is organized as follows: Section 2 describes the literature review and research hypothesis. Section 3 describes the methodology, which mainly introduces variables and model settings. Section 4 reports the results of the empirical analysis. Section 5 describes the discussion. Section 6 includes the conclusion and policy recommendations of this study.
2 LITERATURE REVIEW AND RESEARCH HYPOTHESIS
2.1 Literature Review
With the rapid development of big data, artificial intelligence, and cloud computing, the combination of technology and finance stems from the profit-seeking nature of financial capital and the high returns of technological innovation. The effective combination can promote joint technological and financial development (Perez, 2007). Now endorsed by many scholars, Schumpeter (1912) pointed out that entrepreneurs’ innovation can lead to the accumulation of financial capital. Through continuous innovation, enterprises can establish a competitive advantage in the market. Continued investments in tangible and intangible assets foster innovation (Porter, 1992). In addition, Bernier and Plouffe (2019) point out that financial innovation combines two essential drivers of economic growth. Technological innovation can boost financial competitiveness; in turn, financial deepening will nurture enterprises’ innovation vitality, thereby promoting sustainable economic development (Samila and Sorenson, 2011).
However, most studies fail to mention the concept of “science and technology finance,” and relevant literature mainly explores the relationship between scientific and technological innovation and financial development. Zhao et al. (2009) advanced relevant research by providing a relatively comprehensive definition of science and technology finance. Fang (2015) suggests that technology finance is a new economic paradigm that promotes the effective integration of innovative elements such as technology, capital innovation, and entrepreneurship. Its function is to help enterprises achieve high added value and improve market competitiveness. The literature has also empirically examined the effects of science and technology finance on the economy (Shen et al., 2022), innovation (Sheng et al., 2021), R&D (Brown et al., 2017), and industrial agglomeration (Zhang and Zhang, 2018). However, there has been little empirical research on whether and how it affects green development.
The concept of green development was proposed at the Fifth Plenary Session of the 18th Central Committee of the Communist Party of China and has since received growing research attention (Wang et al., 2018). Green development is an economic and social development strategy that aims for efficiency, sustainability, and harmony. It advocates that all countries should prioritize the future while stimulating economic growth, and join together to create a beautiful picture of “clear waters and green mountains as valuable as mountains of gold and silver.” Studies of green development have mainly focused on two aspects. First, scholars have used various methods—most commonly, data envelopment analysis—to calculate a green development efficiency index (Zhu et al., 2020; Li C. et al., 2021). Second, many studies have investigated the influencing factors of green development, including political, economic, technological, and natural factors. Political factors mainly include government support (Guo and Liu, 2022) and environmental regulations (Zou and Zhang, 2022); economic factors mainly include financial development (Yuan et al., 2019), level of openness (Huang and Liu, 2021), and industrial structure (Xie and Li, 2021); the main technological factor is innovation (Xu et al., 2021a); and natural factors primarily include resource structure (Fong et al., 2022) and energy consumption (Moutinho et al., 2017).
The ecological environment directly affects and is a critical subsystem supporting regional green development. It contributes to the harmonious coexistence of man and nature (Sun et al., 2018). Since China entered the World Trade Organization in 2001, its carbon dioxide emissions have shown a strong upward trend. Severe environmental problems have directly threatened China’s sustainable economic development and public health (Shahbaz et al., 2020). Many studies have shown that technological innovation and financial development impact the regional ecological environment (Abid et al., 2021; Kihombo et al., 2021).
Many scholars have used IPAT or STIRPAT methods to analyze the impact of technological innovation on the ecological environment (Dietz and Rosa, 1994; York et al., 2003). Technological innovation promotes energy efficiency through technology spillover effects. Nathaniel et al. (2021) contend that technological innovation could directly improve environmental quality by developing technologies related to environmental protection. However, some scholars argue that technological innovation has a negative or no impact on energy efficiency (Hübler and Keller, 2010; Adom and Amuakwa-Mensah, 2016). Relatedly, Usman and Hammar (2021) contend that technological innovation is not conducive to improving environmental quality. Specifically, they point out that technological innovation expands a region’s ecological footprint, making the ecological environment more vulnerable.
Financial development can improve environmental quality by encouraging investment in green technologies. For example, the development and use of energy-efficient appliances and electric vehicles can improve energy efficiency and thus help reduce carbon emissions (Shobande and Ogbeifun, 2022). Financial development also attracts foreign direct investment, which can promote the exchange of green technology, thereby positively affecting environmental quality (Ahmad et al., 2021). However, some scholars have shown that financial development is not conducive to improving environmental quality. Using data from 59 countries along the Belt and Road routes, Baloch et al. (2019) found that financial development worsened environmental quality by increasing the ecological footprint. In Yasin et al.’s (2020) study of 110 developed countries and developing countries, financial development was found to reduce the ecological footprint of developing countries but not improve their environmental quality. Tahir et al. (2021) revealed that financial development significantly promoted carbon emissions and reduced environmental quality in South Asian economies.
Market failure may cause environmental degradation and ecological damage in a market economy system, necessitating regulatory and public policy intervention by the government (Zhang et al., 2019). The Chinese government set up a pilot policy of “combining technology and finance” in 41 cities in 2011. Most research on STFP uses the DID method to examine its impact on the innovation level (Zheng S. M. et al., 2020), industrial structure development (Hu and Liu, 2021), and regional economic development (Xu et al., 2021b). The policy, in particular, has been found to ease corporate financing constraints by increasing financial investment in science and technology, driving regional financial development, and promoting the further improvement of innovation levels in pilot regions. The advancement of regional capabilities in scientific and technological innovation has accelerated the transformation of new and old kinetic energy and the optimization and upgrading of the industrial structure, thereby raising their potential economic return. However, the STFP implementation effect is highly variable. Ma and Li (2019) contend that STFP plays a positive role in promoting technological innovation in both high-level cities and low-level cities but with more obvious effects in the latter. According to Hu and Liu (2021), the impact of STFP on the transformation and upgrading of industrial structure is positive in the eastern region, negative in the central region, and non-existent in the western region. Xu et al. (2021a) found that the pilot policy has the greatest positive impact on economic development in the eastern region, followed by the central region, but has no such impact in the western region. Many other researchers have analyzed the impact of digital finance on green innovation (Cao et al., 2021; Liu J. et al., 2022). It is widely accepted that digital finance positively impacts green innovation, although the extent of this effect varies across regions and industries. Analyzing provincial panel data, Wang and Gu (2021) found that technology finance can propel the high-quality development of China’s economy. They also stated that future research should start with the impact of science and technology finance on the ecological environment. Thus, our research can fill the gap in the current research.
2.2 Research Hypothesis
As the two most active factors in economic and social development, technology and finance have together transformed the development mode from factor driven to innovation driven. Science and technology are the primary forces of production, and technological progress requires financial support. Continuously improving the combination of technology and finance is critical for promoting independent innovation and increasing total factor productivity. The primary goal of STFP is to leverage public funds to guide market financial investment, encourage enterprises’ technological innovation, optimize the industrial structure, and achieve high-quality economic development. Therefore, STFP can achieve regional green development through financing and innovation effects.
On the one hand, the government plays a guiding and driving role, using the market mechanism to encourage financial institutions to actively participate in technological innovation. The government thereby helps high-tech enterprises overcome financing barriers and provides financial support for the realization of regional green development. On the other hand, pilot cities are more likely than other cities to gather innovative talents, technologies, products, and markets, all of which can provide technical support for green development. Accordingly, we hypothesize:
Hypothesis 1 (H1). STFP promotes urban green development.
Technological innovation promotes the transformation of production modes to promote ecosystem restoration, which is crucial for resolving resource and environmental problems (Destek and Manga, 2021). It can also indirectly stimulate the development of a regional green economy by promoting the transformation of old and new kinetic energy and optimizing the industrial structure. In situations where local government competition aggravates deterioration of the urban ecological environment, financial marketization can promote the green development of the industry by improving urban innovation capabilities. Capital inflow enables the reallocation of financial resources from high-polluting, high-emission industries to clean-energy-based industries. After obtaining technology funds, some enterprises can develop technological innovation and upgrades, thereby improving their production efficiency and reducing pollution output. Green development differs from the traditional economic development of the past, with a fundamental change in the mode of production, as the driving force of development. Innovation not only distorts the market but also causes transformation. By adjusting the industrial structure, the level of green economic development can be driven up.
Hypothesis 2 (H2). STFP improves urban green development by promoting technological innovation.
Compared with ordinary projects, green technology innovation projects are characterized by a long R&D cycle and income uncertainty, resulting in more serious financial constraints (Zhang and Chiu, 2020). With the increasing prominence of environmental problems, the government and financial institutions will force and encourage enterprises to assume responsibility for sustainable development. The implementation of STFP has continuously improved investment and financing system of green intellectual property. Promoting the realization of science and technology innovation achievements will stimulate enterprises’ green innovation vitality. Correspondingly, enterprises that pursue green innovation can obtain more resources and benefits, such as a higher social reputation, good relationship with the government, and greater market share (Burns et al., 2016). Green technology innovation can effectively improve the use efficiency and market scope of eco-environmental elements to reflect the intrinsic value. Moreover, green innovation can continuously enhance the competitiveness of the green industry, cultivating new advantages that help it strongly support green development.
Hypothesis 3 (H3): STFP improves urban green development by promoting green innovation.
3 METHODOLOGY
3.1 Spatial Distribution
This study examines the impact of STFP on urban green development using the DID method and a quasi-natural experiment of STFP combined with panel data from 256 cities in China. To assess the effect of the pilot policy, this study uses the Stata16 external command “Spmap” to draw the spatial distribution comparison diagram of green development before and after implementing the STFP, as shown in Figure 1. The pilot cities for STFP are mainly distributed in the eastern and central regions. Through comparison, it is found that the green development level prior to the implementation of the STFP is relatively low. Most pilot cities had green development levels ranging from 0.0783 to 0.1474, with only a few cities falling between 0.1474 and 0.2165. After the policy’s implementation, the green development level of almost all pilot cities has increased to 0.1474. Moreover, the green development level of pilot cities in the eastern region is generally higher than that of pilot cities in the midwestern region, indicating that economic development is an essential reference point for the government when establishing pilot cities. It is necessary to investigate the impact of STFP on urban green development from the perspective of heterogeneity in this study.
[image: Figure 1]FIGURE 1 | Spatial distribution of green development before and after the implementation of STFP. (A) Green development level before the implementation of STFP; (B) Green development level after the implementation of STFP.
3.2 Model Setting
The DID method is commonly used to study the effects of policy evaluations related to technological innovation. It effectively avoids the bias of estimation results caused by trends and random factors (Acemoglu and Johnson, 2007). The Ministry of Science and Technology issued the STFP in 2011, and the pilot policy covers 16 regions in China, including 41 cities. The sample duration selected in this study is from 2003 to 2019. The policy immediately affected the cities that participated in the pilot work in 2016. Therefore, this study uses the data from the first batch of pilot cities as the experimental group for investigation, and the data from the second batch of pilot cities to test the robustness of the benchmark results. Although Ningbo was included in the second batch of pilot cities, the Ningbo High-Tech Zone policy pilot began in 2012. Considering that the high-tech urban zone is the focus of urban innovation, this study includes Ningbo in the first batch of research pilot cities. Based on this, this study selects 215 other cities as the control group in addition to the 41 pilot cities, providing a good quasi-natural experiment for analyzing the implementation effect of STFP. This study uses the DID method to test the impact of STFP on urban green development. The model is constructed as follows:
[image: image]
where [image: image] and [image: image] are the city and year, respectively; [image: image] is the explained variable, that is, green development; [image: image] indicates whether city [image: image] is a dummy variable for the pilot of STFP, the experimental group city [image: image], and the control group city [image: image]; [image: image] represents the dummy variable of policy implementation time, before implementation [image: image] = 0, after implementation [image: image] = 1; [image: image] is a collection of control variables, including financial development level ([image: image]), financial investment in science and technology ([image: image]), openness ([image: image]), population density ([image: image]), informatization level ([image: image]), and government size ([image: image]); [image: image] and [image: image] represent urban fixed effect and time fixed effect, respectively; and [image: image] is a random disturbance term. The coefficient of the multiplication term ([image: image] is the focus of attention. When [image: image] is significantly greater than 0, it indicates that the STFP has effectively impelled urban green development; otherwise, it means that the effect of the pilot policy is not obvious.
3.3 Variable Description
3.3.1 Dependent Variable: Indicators for Urban Green Development
Starting with the definition of green development and based on the United Nations Sustainable Development Goals and the “society-economy-nature” composite ecosystem theory (Commission on Sustainable Development, 2000), this study constructs three first-level indicators, including ecological development ([image: image]), economic development ([image: image]), and social development ([image: image]) to assess urban green development. Referring to the research methodology of Hu et al. (2021), this study constructs a total of 18 secondary index evaluation systems (see Table 1). The entropy method is used to calculate the comprehensive index system of green development.
TABLE 1 | Evaluation system of green development.
[image: Table 1]3.3.2 Explanatory Variable: Science and Technology Finance Policy
This study uses cross terms ([image: image]) to measure science and technology financial policy, where [image: image] is the urban dummy variable. If a city is approved as a policy pilot after 2011, [image: image] is taken as 1; otherwise, it is assumed to be 0. [image: image] is a time dummy variable. Before 2011, [image: image]= 0; after 2011, [image: image]= 1.
3.3.3 Other Variables: Control Variable and Mediator Variable
In order to prevent endogenous problems caused by missing important variables, this study selects the following control variables based on the relevant literature on the influencing factors of green economy development (Zheng Y. et al., 2020; Liu B. et al., 2021; Wang and Yi, 2021): 1) Financial development ([image: image]), as measured by the ratio of regional GDP to the balance of financial deposits and loans. A high level of financial development allows for more green investment and green credit, which injects vitality into local green development. 2) Financial investment in science and technology ([image: image]), as measured by the proportion of regional GDP spent on science and technology finance. Increasing financial investment in science and technology can provide more intellectual capital for the local area, assisting in the improvement of green technology efficiency. 3) Openness ([image: image]), as measured by the proportion of the actual use of foreign capital in the regional GDP. Local enterprises can fully learn and introduce foreign advanced technology by opening to the outside world, thereby improving the ability of green technology innovation to achieve green economic development. 4) Population density ([image: image]), which is measured by the ratio of the population to the total urban area. Excessive population density will adversely affect the ecological environment to a certain extent, restricting the realization of green development in the local area. 5) Informatization ([image: image]), as represented by the rate of urban Internet penetration. Informatization can effectively stimulate the efficient utilization of energy and resources, providing a good foundation for the coordinated development of the economy and ecology. 6) Government size ([image: image]), which is measured by the proportion of the government’s public financial expenditure in the regional GDP, is conducive to the construction of green economy demonstration zones, thereby promoting the integration of environmental protection and economic development. 7) Technological innovation ([image: image]), as measured by the number of patent applications, including the number of granted invention patents, utility model patents disclosed, and appearance patents disclosed. 8) Green innovation ([image: image]), as measured by the proportion of green patent applications in the total number of patent applications. Among these, 1) to 6) are the control variables, and 7) and 8) are mediator variables. For the sake of intuition, Table 2 shows the main variables and their descriptions. And descriptive statistics of the main variables are shown in Table 3. All the above variable data come from the China Urban Statistical Yearbook, China Economic Net Statistical Database, and EPS Statistical Database. The missing data of some variable years are filled by the interpolation method.
TABLE 2 | Description of variables.
[image: Table 2]TABLE 3 | Descriptive statistics of variables.
[image: Table 3]3.4 Parallel Trend Test
The DID method’s premise is to ensure that the regression results are unbiased. The condition is that the treatment and control groups must maintain parallel time trends before implementing the policy. If the pre-event time trends are inconsistent between the treatment group and the control group, other exogenous shocks are considered to have caused the explained variable to change. Figure 2 shows the time trend of the green development level of pilot cities and non-pilot cities for STFP and judges whether the two curves have an ex ante parallel trend based on the practice of Yu and Zhang (2017). It can be seen that the green development level of the treatment and control groups has always maintained the same trend from 2003 to 2011, with no difference. From 2011 to 2019, the two sets of curves show obvious differences. The growth rate of the green economy in pilot cities is significantly higher than that in non-pilot cities, especially in 2014. The treatment group grew further apart from the control group. Therefore, this study adopts the DID model to examine the implementation effect of the STFP, which satisfies the parallel trend assumption.
[image: Figure 2]FIGURE 2 | Parallel trend test of double difference method.
4 EMPIRICAL RESULTS
4.1 Benchmark Regression Test Results
In order to analyze the impact of STFP on urban green development, the DID method is used for estimation in this study, and the regression results are shown in Table 4. Column (1) shows the estimated results after adding control variables and without controlling time and region fixed effects. Column (2) reports the estimated results after adding control variables while controlling time and region fixed effects. From the results in the first two columns, it is found that the coefficients of the [image: image] are all significantly positive, which preliminarily shows that the implementation of the STFP has a significant role in promoting the improvement of urban green development.
TABLE 4 | Benchmark regression test results.
[image: Table 4]At the same time, we use DID method to further study the impact of STFP on the three sub-variables of urban green development. These findings are reported in columns (3) to (5) of Table 4. The results show that the STFP has strongly impeded urban economic and social development. The findings imply that the implementation of the pilot policy can drive local government funds to enter the technology industry, thereby effectively solving the financing constraints of technology companies. Once a region helps companies solve financing constraints, it will attract more high-tech companies to settle in. The entry of new enterprises increases the entrepreneurial and employment opportunities of residents and promotes the development of the local economy. However, an unexpected result is that the STFP had a non-significant inhibitory effect on urban ecological development. One possible explanation is that while the pilot policy has driven the city’s overall development, enterprises will produce a large amount of waste in rapid economic development, resulting in ecosystem destruction. Will this negative effect ameliorate over time? This study will examine the dynamic effects of pilot policies on ecological development in the following sections.
4.2 Dynamic Effect Test Results
In order to reflect the impact of STFP on the changes in the green development of pilot cities since 2011, this study uses a dynamic effect test. Table 5 shows the dynamic regression results for the impact of STFP on green development and its three sub-variables. It can be found that urban green development, economic development, and social development have been continuously improved for some time after the implementation of the STFP. Until 2013, economic development had reached its peak, while green development and social development had reached their peak in 2014. Subsequently, the effect of the pilot policy showed a downward trend, but the coefficient remained significantly positive. It means that the implementation effect of STFP on urban green development, economic development, and social development has increased first and then decreased over time. From the regression results of ecological development, it can be seen that although the implementation of the STFP initially has an inhibitory effect on urban ecological development, its inhibitory effect gradually decreases over time. It reflects that the negative impact of STFP on the ecological environment has been weakening. However, by 2015, the inhibitory effect had become a facilitative effect.
TABLE 5 | The dynamic effect test of STFP on green development.
[image: Table 5]4.3 Robustness Test Results
4.3.1 PSM-DID Results
This study aims to examine the impact of STFP on urban green development. The pilot and non-pilot cities could be analyzed separately to compare changes in green development from before to after the pilot policy’s implementation, and thereby infer the policy effect. However, given the non-random nature of STFP, this simple direct comparison would lead to selective errors. The PSM method can solve this problem (Rosenbaum and Rubin, 1983). Specifically, the probability of each city being included in the pilot is estimated based on city characteristics, then cities in the treatment group, and matched with cities in the control group that have the most similar probability of pilot inclusion. After the samples are matched, the DID method is used to estimate the impact of STFP on urban green development.
However, the parallel trend assumption must be satisfied before using PSM. The kernel density distribution is used to test the matching effect of the propensity score (Liu X. et al., 2022), as shown in Figure 3. Before matching, the treatment and control groups’ propensity scores were quite different; after matching, the two groups had very close probability density function values, indicating that matched samples can somewhat reduce the selection bias. In addition, a common support hypothesis test was conducted to determine whether the mean value of covariates in the two sample groups significantly differed after matching compared to before matching, as shown in Figure 4. We found that most of the samples after matching were in the common support area, with no apparent difference. This shows that the quality of the matched samples is relatively good and that the PSM-DID method is appropriate for robustness testing. The PSM-DID regression results are reported in column (1) of Table 6. They show that the implementation of STFP significantly propelled urban green development, which is consistent with the benchmark regression estimation results, indicating their robustness.
[image: Figure 3]FIGURE 3 | Nuclear density distribution. (A) Prior to matching, the treatment and control group’s propensity scores are quite different; (B) After matching, the distribution probability density function values of the two groups are very close.
[image: Figure 4]FIGURE 4 | Common support hypothesis testing. (A) Common value range of propensity score matching; (B) The standardization of control variables before and after matching.
TABLE 6 | Robustness test results.
[image: Table 6]4.3.2 Other Robustness Test Results
In addition to using the PSM-DID method to solve the possible impact of the selection bias on regression results, we also apply the following three methods to test the robustness:
First, we eliminate the extreme values of this study. To eliminate any extreme outliers for each variable, which may distort results on the STFP implementation effect, we performed 1% abbreviated processing for all samples. The regression results after eliminating extreme values are reported in column (2) of Table 6. The regression coefficient of STFP was significantly positive, indicating that STFP is conducive to urban green development. This is consistent with the benchmark regression results, indicating that they are robust.
Second, we exclude any other policy effects. When estimating the impact of STFP on urban green development, the concurrent influence of other policies may cause the actual effect of STFP to be overestimated or underestimated. To avoid such interference, we identified other policy events that followed the implementation of STFP. Smart city construction began in 2013, marking a new era in urban development strategy, supported by emerging information technology. Therefore, we incorporate the smart city construction policy of 2013 into the benchmark regression model as another quasi-natural experiment. As reported in column (3) of Table 6, the results show that smart city construction has played a significant role in promoting urban green development. Although the coefficient of STFP remained significantly positive, its coefficient value decreased compared with the benchmark regression results. This demonstrates that the benchmark results overestimate the role of STFP on urban green development but are nonetheless relatively robust.
Third, we introduce the second batch of pilot cities in 2016. After introducing the second batch of pilot cities for STFP, if the sign of the policy coefficient remains significantly positive, it is confirmed that the role of STFP on urban green development is effective. Because the two batches of cities are selected as pilot projects at different times, this study used the staggered DID method to re-estimate the benchmark model. The results are shown in column (4) of Table 6. The significance and coefficient of policy variables are consistent with the benchmark regression results after introducing the second batch of pilot studies, demonstrating that the results of this study are robust.
4.4 Mediating Effect Test Results
Using the intermediary-effect model proposed by Baron and Kenny (1986), we constructed the following recursive model to verify whether technological innovation and green innovation are the mechanisms by which STFP affects urban green development. Based on Eq. 1, the following equations are constructed:
[image: image]
[image: image]
where [image: image] is the mechanism variable, including two mechanisms of technological innovation ([image: image]) and green innovation ([image: image]). The establishment of the mechanism effect needs to satisfy three preconditions at the same time: (1) The coefficient [image: image] is significant, which means that the explanatory variable ([image: image]) has a direct effect on the explained variable ([image: image]). (2) The coefficient [image: image] is significant, indicating that the explanatory variable ([image: image]) affects the mechanism variable ([image: image]). (3) The coefficient [image: image] is significant, indicating that the variable ([image: image]) plays a mediating effect when the explanatory variable ([image: image]) affects the explained variable ([image: image]). If the coefficient [image: image] is significant, there is a partial mediating effect. If the coefficient [image: image] is not significant, there is a complete mediating effect.
Columns (1) and (3) of Table 7 show the estimation results of Eq. 2, that is, the impact of the implementation of STFP on technological innovation and green innovation, respectively. It can be seen that the estimated coefficients of STFP are significantly positive, indicating that STFP can significantly boost urban independent innovation ability and accelerate green-innovation-level improvement. Columns (2) and (4) of Table 7 report the estimation results of Eq. 3, which tests whether technological innovation and green innovation are the channels through which STFP affects urban green development. According to the results in column (2), the estimated coefficient of technological innovation is negative, which indicates that technological innovation as a mediator masks the effect of an independent variable on a dependent variable. It is a generalized mediation effect (Wen and Ye, 2014). The result in column (4) shows that the estimated coefficients of green innovation are significantly positive, which preliminarily indicates that green innovation is an important channel for STFP to promote urban green development.
TABLE 7 | Mechanism test results based on technological innovation and green innovation.
[image: Table 7]4.5 Heterogeneity Analysis
4.5.1 Regional Heterogeneity
The above results show that STFP can significantly promote urban green development but is subject to regional variation, depending on the development situation. According to their regions, we divide the sample into eastern and midwestern cities. As reported in columns (1) and (2) of Table 8, the regression results show that the implementation of STFP has a significantly positive influence on green development in both eastern and midwestern cities. However, comparing the coefficient of the explanatory variable reveals that the effect is greater in midwestern cities.
TABLE 8 | Heterogeneity analysis test results.
[image: Table 8]4.5.2 Innovative-Level Heterogeneity
According to the 2017 China Urban and Industrial Innovation Report, China’s innovation index accounts for 16–26% of the economy. The eastern region is home to 13 of the top 20 cities in the innovation index. The report also identified a considerable imbalance in the regional distribution of the urban innovation index, with prominent agglomeration in the eastern region. It can thus be inferred that, against the background of different innovation levels, the impact of STFP implementation on urban green development is heterogeneous. Following the methodology of Ma and Li (2019), we divided the sample cities into two groups (high innovation and low innovation) according to the mean value of innovation level from 2003 to 2019. As reported in columns (3) and (4) of Table 8, the results show that the implementation of STFP played a significant role in promoting green development in both high-innovation and low-innovation cities. However, the policy effect is greater in high-innovation cities.
5 DISCUSSION
The benchmark regression results indicate that science and technology finance policy (STFP) can significantly promote urban green development. The government’s policy support for high-quality economic development is still in the continuous improvement stage, and STFP is an important influencing factor. This is consistent with the findings of King and Levine (1993), Yan and Wu (2020), and Wang and Gu (2021). Compared with developed countries, China’s financial market is still maturing, raising the urgent need for a policy-based financial system with complete structure and functions to support technological innovation (Zheng S. M. et al., 2020). In this regard, the government’s guiding role is crucial, and STFP can ease the financing constraints of technology-based enterprises and thereby stimulate innovation vitality. In recent years, government policies have encouraged technological innovation and green development in China, while scientific research institutions and scholars have become increasingly interested in green and sustainable development. Continuous improvement of the policy environment is also significant in enhancing urban green development. Therefore, our findings support H1.
We also discovered that STFP is an important driver of urban economic development and social development. Contrary to traditional theories, however, STFP has no significant effect on ecological development. This could indicate that the pilot policy has not done enough to promote, or perhaps has not even considered, ecological protection. Importantly, the initial plan for implementing STFP aimed to provide high-quality financial services to support the development of technological innovation (Yuan et al., 2018). The government must attach importance to the upgrading of STFP from product systems to ecosystems, thereby promoting the achievement of carbon peak and, ultimately, carbon neutrality nationwide. In addition, the dynamic effect test used in this study suggests that the impact of STFP will change over time. When the government formulates a policy, it should account for time variability in the policy effect to maximize its effectiveness.
In the intermediary-effect model, we investigated the situation of technological innovation and green innovation as mediating variables simultaneously. STFP exhibits a positive correlation with urban technological innovation, confirming the finding of Ma and Li (2019). Several scholars have demonstrated that technological innovation promotes economic development (Pradhan et al., 2016; Kogan et al., 2017). However, our results indicate that technological innovation inhibits urban green development. Hence, technological innovation appears to mask the relationship between STFP and green development. When the masking effect exists, the research perspective should change from how the independent variable affects the dependent variable to how the independent variable does not affect the dependent variable. Specifically, technological innovation constrains the impact of STFP on urban green development. One explanation is that the implementation of STFP encourages the agglomeration of resources, talents, and enterprises to engage in innovative activities, leading to a negative effect on urban green development through elevated energy demand, resource shortages, and pollutant discharges. Another explanation is that under the sound policy guarantee and government investment, STFP can indeed attract market capital injection and activate technological progress. However, due to China’s lack of supporting policies, the capital flows into high-polluting industries. Hence, technological progress can produce energy rebounds (Hu et al., 2019).
STFP and green innovation have a significant positive correlation, indicating that the implementation of STFP will lead to improvement in the green innovation level, which is consistent with the findings of Gu and Chai (2021). We also draw a similar conclusion to Ahmed et al. (2022) that green innovation contributes to green economic growth. In this regard, STFP can guide market funds to flow into fundamental innovation fields with high risk and low return and promote economic structural adjustment to enhance energy utilization, thereby promoting urban green development (Liu Y. et al., 2021). In addition, the implementation of STFP provides greater opportunities for innovative enterprises and talents. Enterprises adopt green production mode and incubate green technology products, which is significant in promoting urban green development further. STFP can also promote technological innovation to improve energy efficiency and shift the energy consumption structure, thereby pushing urban development in a resource-saving direction. Exploring the mechanism through which STFP influences urban green development provides a rational basis for assessing the effect of STFP implementation.
In the regional heterogeneity test, STFP was found to promote green development more effectively in midwestern cities than in eastern cities. This is consistent with the results of Zhang et al. (2021). Possible explanations are as follows. Compared to midwestern cities, eastern cities have a higher level of economic development and better infrastructure. The government of eastern cities can formulate other relevant policies to promote green development, making the precise role of STFP unclear. Conversely, compared with the eastern region, the midwestern region has much greater room to improve through scientific and technological achievements and the construction of a financial service system. Therefore, the marginal utility of the pilot policy is greater in midwestern cities. With regards to urban green development, the implementation of STFP has provided timely help in midwestern cities but merely put the “icing on the cake” in eastern cities.
In the innovation-level heterogeneity test, the policy was found to have a greater positive effect in high-innovation cities, which have better technological innovation industries than low-innovation cities. The implementation of STFP can greatly alleviate financing constraints on green science and technology industries, while further driving other supporting industries for environmental protection. Despite significant policy support for developing a green economy in low-innovation cities, they still lack advanced technology and a sound financial system (Ma and Li, 2019).
6 CONCLUSION AND RECOMMENDATIONS
We use DID model to deeply explore the impact of STFP on urban green development. This study considers STFP implementation as a quasi-natural experiment and analyzes panel data of 256 cities in China from 2003 to 2019. The conclusions are as follows. First, there is a significant positive correlation between STFP and urban green development, indicating that STFP has supported the acceleration of green city construction. The results are robust to using PSM-DID to avoid selection bias and overcome the potential interference of other determinants of green development. Second, regarding the three sub-variables of urban green development, we find that STFP significantly promoted economic and social development—consistent with the green development results—but appears to inhibit ecological development. However, the latter relationship is not statistically significant and gradually diminishes over time. Third, technological innovation and green innovation are the paths through which STFP facilitated urban green development. STFP promotes urban green development by improving green innovation, whereas technological innovation exerts a “masking effect” on the effects of STFP in pilot cities. Forth, heterogeneity analysis shows that STFP can significantly promote green development in any area, thereby confirming the stability of our main results. However, the effect of this policy shows regional heterogeneity and innovation heterogeneity. Specifically, STFP has had a stronger positive impact on green development in midwestern and high-innovation cities than in eastern and low-innovation cities.
Based on our research conclusions, we propose the following policy recommendations. First, local governments should pay attention to the positive externality of STFP on urban green development. Meanwhile, local governments should vigorously support investment in science and technology finance based on regional characteristics, aiming to ease the financing constraints of technological innovation enterprises (Hu et al., 2021). In addition, it is considered to include cities with a good innovation environment and rich financial resources in the scope of the policy pilot. When formulating policies to promote the green development of cities, policymakers should guide various social capitals toward actively supporting the green economy. Attention must be paid to coordination and linkages between cities so as to meet the requirements of harmonious regional development.
Second, considering that STFP has a time-varying influence on urban green development, local governments should formulate technological finance policies from a developmental and forward-looking perspective. In all stages of the policy implementation process, local governments should play a prominent guiding role by scientifically evaluating and flexibly using the policy’s advantages to maximize its contribution to urban sustainable green development (Li G. et al., 2021). In addition, the promulgation of policies should not be too hasty. Recognizing the time lag from implementation to maximizing utility, policymakers should avoid promulgating too many policies of the same nature in a short time.
Third, local governments should pay more attention to investing more in technology research and green innovation. By improving the level of talent training and enhancing the technological innovation service system, local governments can direct the flow of funds to core high-tech industries and push forward high-quality economic development. On the one hand, local governments should improve traditional industries’ quality, capacity, and efficiency through emerging technologies such as financial big data, blockchain, cloud computing, and artificial intelligence. The advantages brought by financial technology innovation can better serve urban green development. On the other hand, given the importance of green innovation to sustainable economic development, the government should encourage enterprises to shift the focus of innovation activities from traditional technology to green technology.
Finally, given the regional imbalances in economic development and innovation, differentiated policies should be formulated for combining technology and finance. The empirical results show that STFP plays a more prominent role in the green development of midwestern cities and high-innovation cities, which is partly explained by marginal utility. As each city has unique resource endowments and industrial characteristics, undifferentiated technological and financial policies waste resources and exacerbate the problem of unbalanced development.
Some study limitations must be considered when interpreting our findings. First, we could not comprehensively investigate the policy effect in cities in remote areas for which data of sufficient authenticity and integrity were unavailable. Second, cities included in the second batch of pilot projects beginning in 2016 were excluded from the main effect test, as they have only been affected by the policy for a short time. Therefore, the effectiveness of STFP in these cities was not evaluated, raising the need for further investigation. Future research could examine the impact of STFP on green development from a micro perspective, for example, by considering county-level or enterprise-level data. Moreover, it is important to explore multiple channels for the impact of STFP on green development.
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