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Significant progress has been achieved in the construction of transportation infrastructure in China, where a high-speed rail network of considerable scale and high operational speed has been formed. Against the backdrop of China’s current keynote on “carbon peaking” and “carbon neutrality,” the high-speed rail as a modern, green mode of transport, has become a key force in promoting green technological innovation and maintaining sustainable economic development. This paper focuses on the relationship between the opening of high-speed rail and urban green innovation and the mechanisms behind it. This study utilized panel data on Chinese cities from 2000 to 2018, taking the opening of high-speed rail as a quasi-natural experiment. It focuses on the impact and mechanism of the opening of the high-speed railway on urban green innovation by using the double-difference space Durbin model. Findings indicate that high-speed rail plays a significant role in promoting urban green innovation and that the spatial spillover effect is substantial. The results of the heterogeneity test indicate that high-speed rail can enhance urban green innovation in non-resource-based cities. The impact mechanism of high-speed railways on urban green innovation mainly comes from the flow of innovative personnel and capital, a strategy of local governments to strengthen environmental regulations and improve regional advantages. This paper also indicates that high-speed rail has an inverted U-shaped trend in promoting urban green innovation, and the optimal radius is 200 km from the nucleus city.
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INTRODUCTION
Since 2008, rapid progress has been made in China’s high-speed rail (HSR) construction. As of 2020, China’s railway fixed asset investment totaled 781.9 billion yuan, and the total high-speed rail mileage reached 37,900 km, one of the largest networks to be constructed in the world. According to the State Council’s “Medium and Long-term Railway Network Planning,” by 2025 China’s HSR network will complete the leap from “four verticals and four horizontals” to “eight verticals and eight horizontals”. The construction of HSR has dramatically brought about the space-time compression effect, improved the traffic accessibility between cities, and promoted the connection between cities.
With rapid economic growth over the past 3 decades, the problems of resource depletion, environmental pollution, and continuous ecosystem degradation have increased sharply (Udemba et al., 2020), and environmental pollution has become a major obstacle limiting China’s sustainable economic development (Mele and Magazzino, 2020). At the same time, the Fifth Plenary Session of the 18th Central Committee puts forward the five development concepts of “innovation, coordination, green, openness, and sharing,” emphasizing the role of green innovation. Under the current dual background of China’s vigorous promotion of transportation infrastructure construction and the emphasis on green innovation, the transportation accessibility brought about by HSR could significantly improve the level of urban green innovation. If so, what mechanisms have made the most significant impact? Which type of city has a more noticeable effect? Furthermore, does HSR have an optimal radius for the city’s green innovation level? Exploring these issues will help to measure the positive impact of HSR on urban green innovation and promote the high-quality development of China’s economy.
With the rapid development of high-speed railways, useful discussions on the relationship between the opening of HSR and economic growth have been made by scholars, but no unanimous conclusions have been formed. Among them, Qin (2017) argued that the opening of HSR will bring about a “siphon effect,” leading to a negative effect on non-central cities and areas close to central cities. Baum-Snow et al. (2020) found that the economic development of manufacturing and service industries in central cities was significantly boosted by an increase in the improvement of traffic accessibility. However, this has led to a dampening effect on the development of peripheral cities, thus widening the regional economic gap to some extent, a conclusion also confirmed by Li et al. (2021).
The research results of some scholars show that HSR makes a significant contribution to economic growth. Alder et al. (2016) argued that the opening of HSR can lead to the development of the local economy. They further compared the positive and negative effects of the opening of HSR on employment, wages, and economic growth, and found that the opening of HSR has a positive effect on promoting economic growth. Magazzino and Mele (2021), analyzed data from China and found that around 79% of economic growth comes from transport infrastructure. However, a boost is more pronounced in the short term due to regional differences in demand and preferences for transport. In addition, subsequent studies have pointed out that the economic benefits of the opening of HSR originate from diversified aspects. The opening of HSR greatly reduces business travel time (Deng et al., 2021), changes the allocation of resources in the labor market, and accelerates the flow of knowledge between regions (Dong et al., 2020). It strengthens the capacity utilization of enterprises, the production capacity of regions (Lu and Li., 2022), and facilitates cross-regional trade of goods (Donaldson, 2018). These positive external spillover effects of the opening of the HSR are recognized by scholars, indicating positive implications for economic growth.
Despite these indications, research on the relationship between the opening of HSR and urban green innovation is still relatively scarce, with some scholars’ studies supporting the environmental benefits of HSR from the perspective of human capital mobility and industrial recontraction. On the one hand, the time-space compression effect generated by the opening of HSR can reduce information asymmetry (Chen and Hall. 2011) and increase opportunities for face-to-face communication between people, thus promoting cross-city R&D collaboration (Wang et al., 2022) and laying the foundation for green urban development (Lin and Jia., 2022). On the other hand, HSR not only operates in a low-energy mode (Song et al., 2016), which significantly reduces CO2 emissions in cities through transport substitution (Jia et al., 2021), significantly enhancing transport accessibility (Wang et al., 2018), which in turn leads to a spatial, distributional and hierarchical structural shifts in cities (Fang, 2021). Ultimately, this contributes to an increase in urban green productivity (Kong et al., 2021).
Previous literature has mostly affirmed the economic and environmental benefits of the opening of HSR, indicating the importance and contribution made by this study. Yet, other studies have only focused on the potential flow of human capital, knowledge spillovers, and industrial reconstruction that may be generated by HSR. The discussion tends to end there, ignoring whether the opening of HSR could have further impacts on urban green innovation after these phenomena have been generated. Moreover, it is worth noting that when examining basic conditions in China, the local government plays a vital role in the economic activities of a region (De Luca and Atuahene-Gima., 2007). The flow of innovation factors triggered by the opening of the HSR may bring about imitation and competition among local governments in terms of green innovation activities, thus having an important impact on the level of green innovation in cities. Ignoring the role of local governments would be detrimental to a comprehensive examination of the impact effects of the opening of the HSR. Unfortunately, however, how the opening of HSR affects urban green innovation from the perspective of local government behavior has only been explored by a few scholars to date, which provides an opportunity for this paper to conduct further study.
Three significant contributions are made in this paper: (1) based on the “core-periphery” model of new economic geography (Krugman, 1993), this paper combines the parameter setting methods of gravitation and repulsion in the physical model to describe the “centripetal force” and “centrifugal force” generated by HSR. It explains the relationship and the mechanism between HSR and urban green innovation and shows that there is an optimal radius for the impact of HSR on urban green innovation. Ours is the first attempt to examine this in existing literature. (2) This paper expands literature on urban green innovation, with the influencing factors of green innovation in terms of environmental regulation, R&D investment, industrial structure optimization, and upgrading, international capital, technology transfer, and institutional environment are mostly analyzed (Feng and Chen., 2018; Hsu et al., 2021; Qi et al., 2021). On the other hand, this paper explores the influencing factors of green innovation from the perspective of HSR opening and provides a meaningful supplement to the existing literature. (3) The paper also expands literature on green innovation. To date, existing literature has largely analyzed the influencing factors of green innovation in terms of environmental regulation, international capital, technology transfer, and the construction of national-level urban agglomerations, where this paper explores the influencing factors of green innovation from the perspective of HSR. In addition, the paper combines the “Green List of International Patent Classification” published by the World Intellectual Property Organization (WIPO) and data from the State Intellectual Property Office to identify urban green patent data. It uses the dual-differential spatial Durbin model to verify the relationship between HSR and urban green innovations, aiming to avoid errors caused by relying on previous measurements of green innovation.
The rest of this paper is organized as follows: Part II introduces the theoretical model; Part III presents the research design with empirical data; Part IV shows empirical results followed by Part V, which includes further analysis; and Part VI concludes the paper with policy implications.
Theoretical Model and Assumptions
New economic geography has made a considerable contribution to the study of the relationship between transportation infrastructure and regional economic gaps. Different from previous studies, this paper draws on the ideas of (Acemoglu, Johnson and Robinson., 2001) based on the “core-periphery” model of new economic geography (Krugman, 1993) and divides the sector into industrial sectors of clean industry and the industrial sector of polluting industry. It further discusses the relationship and the mechanism between HSR and urban green innovation.
This paper assumes that there are city H and city W, three sectors (agricultural sector A, industrial sector M in the cleaning industry, an industrial sector I in the pollution industry, of which the industrial sector M in the cleaning industry does not produce pollutants in the city H. The industrial sector I in the polluting industries produces pollutants in the city W, and the two elements are labor (L) and capital (K). In the agricultural sector, with constant returns to scale and perfect competition, agricultural labor is used as an input element to produce agricultural products. The industrial sector M in the cleaning industry has the characteristics of increasing returns to scale and monopolistic competition. Industrial sector I, which is in the polluting industry, has the characteristics of constant returns to scale and perfect competition. There is no cost in the trade of agricultural products, and the trade in the industrial sector needs to meet the assumption of “iceberg cost”. In addition, existing studies have pointed out that there is a loss of efficiency in the flow of labor between regions due to regional differences (Ganong and Shoag., 2017), and the flow of capital between regions also has flow barriers due to information transmission and communication costs. The improvement of transportation infrastructure can enhance traffic accessibility and reduce the degree of information asymmetry between the two places. Existing documents have also pointed out that HSR can effectively reduce the space-time distance (Chen and Hall, 2011). Therefore, this paper assumes that labor (L) and capital (K) can flow between cities H and W at a cost. The flow cost is a function [image: image] of the space-time distance between the two cities. HSR can reduce labor (L) and capital (K) flow costs between cities.
Consumer Choice
This paper draws on the practice of relevant scholars (Dixit and Stiglitz, 1977) and divides the consumer utility function into three parts. One is the CD utility function of the product combination produced by the industrial sector I of the pollution industry and the product produced by the industrial sector M of the cleaning industry; the second is the CD utility function of the product portfolio produced by the agricultural products and industrial sector M of the cleaning industry; the third is the CES utility function of the product portfolio produced by the industrial sector M of the cleaning industry. The representative consumer effect function is as follows:
[image: image]
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Among them, [image: image] represents the proportion of products produced by the industrial sector M of the cleaning industry in the product portfolio of agricultural products and the industrial sector M of the cleaning industry, and [image: image] represents the proportion of products produced by the industrial sector M of the cleaning industry in all products. [image: image] and [image: image] and [image: image] respectively represent the demand for agricultural products of representative consumers, the demand for products of the industrial sector M of the cleaning industry, and the demand for products of the industrial sector I of the polluting industry. [image: image] is the representative consumer’s demand for the No. i product of the industrial sector M of the cleaning industry.
Assuming that the consumer’s income is e, [image: image] and [image: image] and [image: image] respectively represents the product price of agricultural products, the product price of the industrial sector M of the cleaning industry, and the product price of the industrial sector I of the polluting industry, and the consumers spend all their income on the purchase of three products, and the consumer budget constraint can be expressed by [image: image], [image: image] is the price index of the industrial sector I of the polluting industry, [image: image].
Consumers maximize their utility under budget constraints, which can be expressed by the following formula:
[image: image]
Let Eq. 3 find the partial derivatives of, [image: image] and [image: image] and [image: image] respectively, and get:
[image: image]
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According to Eq. 4, Eq. 5, and Eq. 6, the representative consumer demand for agricultural products, products of the industrial sector M of the cleaning industry, and products of the industrial sector I of the polluting industry is further obtained as:
[image: image]
Combining Eq. 2 to obtain the representative consumer demand for the first product of the industrial sector M of the cleaning industry is:
[image: image]
Furthermore, by combining Eq. 1 and Eq. 7, the indirect utility function of representative consumers is obtained:
[image: image]
Producer Selection
The agricultural sector uses labor as an input element to produce agricultural products. Under the assumption that there is no cost in agricultural product trade, the prices of agricultural products in city H and city W should be equal, that is [image: image] = [image: image], the nominal wages of the two regions should also be equal, that is, [image: image], The number of labor in the two regions are respectively [image: image] and [image: image].
The industrial sector M of the cleaning industry uses industrial labor to produce products. Each unit of output requires [image: image] unit of labor. Labor can flow without friction within the department. Wage, that is [image: image] = 1, and capital as the fixed cost of the enterprise. This paper assumes that the local sales volume of a representative company in the industrial sector M of the cleaning industry is C, the price is P, and the sales volume in city W is [image: image]. According to the assumption of iceberg prices, the price in city W is [image: image] P. The total output of the representative enterprise is [image: image], and the sales revenue is P [image: image]. Since the industrial sector M of the cleaning industry is monopolistic competition, there is no excess profit, then [image: image], according to the maximum profit of the enterprise, the equilibrium price and output are:
[image: image]
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Assuming that the number of companies in city H is n, the effective labor demand of the whole of society in the industrial sector M of the cleaning industry is:
[image: image]
[image: image]
The industrial sector I of the polluting industry uses labor, capital, and technology to produce, and its production function satisfies:
[image: image]
Among them, [image: image] represents the technical level of industrial sector I of the polluting industry, and [image: image] and [image: image] represent the labor and capital input of representative enterprises in the industrial sector I of the polluting industry, [image: image] is output elasticity, satisfying 0 [image: image] 1. In addition to producing products, the industrial sector I in the polluting industry also produces externalities. This paper draws on related scholarship to express this externality in terms of the output of contaminated goods, with the following functional form:
[image: image]
[image: image] represents the green innovation capabilities of representative companies in the industrial sector I of the polluting industry. The stronger the company’s green innovation capabilities are, the less polluting products are produced. This kind of green innovation ability is a function of the enterprise’s technological level. The higher the enterprise’s technological level is, the stronger the green innovation ability is, that is, [image: image] >0. Since the industrial sector I of the polluting industry causes environmental pollution when in production, the local government usually adopts taxation to regulate the environment of the enterprise in order to reduce this negative externality. This paper assumes the tax rate [image: image] is set by the local government. In this paper, we use [image: image] and [image: image] respectively represent the labor and capital cost of representative enterprises in industrial sector I of the polluting industry, and [image: image] is the local sales prices of representative enterprises. Taking into account the “iceberg cost”, the price in city W is [image: image]. Therefore, the cost of a representative enterprise is:
[image: image]
The profit maximization of the enterprise is:
[image: image]
By seeking the first-order condition, we can get:
[image: image]
This paper assumes that part of the capital used by industrial sector I of the polluting industry comes from the capital stock of city W, and the other part comes from the capital inflow of city H. Existing literature has shown that HSR can promote the flow of capital and labor from peripheral areas to central areas, creating a “centripetal force”. Therefore, this paper refers to the practice of Xiang et al. (2020), based on the impact of the spillover effect on the cost of capital proposed by the local spillover model, and further draws on the physical model to point out that there are gravitational and repulsive forces that vary with the distance between molecules, and set method according to the parameter of the gravitational and repulsive forces in the potential function. This paper introduces the spillover effect parameter and the congestion effect parameter at the same time to describe the role of “centripetal force” and “centrifugal force” generated by traffic accessibility. The unit capital cost is set as follows:
[image: image]
Among them, [image: image] represents the total capital of city H and city W, [image: image] is the capital share owned by city W, [image: image] represents the spillover effect parameter, and [image: image] represents the congestion effect parameter. Substituting Eq. 19 and Eq. 20 into Eq. 15, the output of representative enterprises in the industrial sector I of polluting industry is obtained:
[image: image]
Since the number of enterprises in city W is [image: image], the effective labor demand of whole society in the industrial sector I of polluting industry is:
[image: image]
HSR, the Flow of Innovative Personnel and Green Innovation
Assuming that the initial total number of innovative personnel is 1, there are L number of innovative personnel flowing between regions. Since the flow of innovative personnel is affected by the traffic infrastructure, there is friction, so the effective labor supply is 1-[image: image] L. The demand for innovative personnel comes from the total demand for innovative personnel in the agricultural sector A, the industrial sector M of the cleaning industry, and the industrial sector I of the polluting industry.
When the supply and demand of the labor market are balanced, the labor market clears, namely:
[image: image]
The agricultural product sector’s agricultural product prices and nominal wages in city H and city W are both 1, and output [image: image] + [image: image]. The representative consumer demand for agricultural products is [image: image], and the total expenditure on social agricultural products is [image: image], Where [image: image] represents the total consumption expenditure of city H and city W. According to the clearing conditions of the agricultural products market, we get:
[image: image]
When the industrial sector M of the cleaning industry clears the product market, the total supply is equal to the total demand, and we get:
[image: image]
When the industrial sector I of the polluting industry clears the product market, the total supply is equal to the total demand, and we get:
[image: image]
Substituting Eqs 24, 25, and Eq. 26 into Eq. 23, we get:
[image: image]
The flow direction of innovative personnel between city H and city W depends on the utility level in the two places. If the utility level of city W is higher than the utility level of city H, the innovators will flow from city H to city W. At this time, “centrifugal force” plays a role, on the contrary, “centripetal force” plays a role. In this paper, let Q = [image: image], indicates the relative utility level of the two places. Combining Eq. 9 and the output levels of the two places, we get:
[image: image]
Among them, [image: image] ([image: image],G = [image: image], G and [image: image] change in the same direction, that is [image: image], this paper believes that G can represent the level of green innovation to a certain extent, then:
[image: image]
Calculate the first-order partial derivative of Q through Eq. 29, and get:
[image: image]
This paper continues to find the second-order partial derivative of [image: image], and obtains:
[image: image]
Among them, [image: image], It can be seen from Eq. 31, when [image: image], [image: image], it shows that there is an optimal value of the space-time distance [image: image], so that HSR can bring about an improvement in the level of green innovation by promoting the flow of innovative personnel.
HSR, Capital Flow, and Green Innovation
When society is in a long-term balance, capital is used to maintain economic growth and compensate for depreciation. The available capital at the time t is [image: image], the economic growth rate g and the depreciation rate [image: image] remain unchanged, and the discount rate is [image: image], then the value of capital is: [image: image] dt = [image: image] .
According to Tobin’s q theory, when q [image: image] 1, the enterprise investment, and capital cost reach a long-term balance, that is [image: image], combining equations Eqs 11, 20 and 29, we get:
[image: image]
Combining Eq. 20 and let Eq. 32 find the first-order partial derivative of [image: image], we get:
[image: image]
When [image: image], [image: image], [image: image], it shows that the increase in the share of capital in the city W caused by the capital flow can improve the level of green innovation when the space-time distance at the time is reduced to a certain extent. In this paper, we continue to find the second-order partial derivative of [image: image], let [image: image] 0, we can find that there is an optimal value of the space-time distance so that HSR can promote the flow of capital, thereby enhancing the level of green innovation.
HSR, Local Government Behavior, and Green Innovation
Further improvement of transportation infrastructure can have an impact on the positive externalities of the region. To seize the opportunities brought by HSR, local governments will often adopt strategic actions to strengthen their location advantages. With the green development concept’s further deepening, local governments no longer rely solely on “GDP,” but also take the ecological environment as a new baton. The improvement of the level of green innovation can often reduce pollution emissions and promote urban development. Therefore, as transportation accessibility improves, local governments often take action to influence the level of green innovation. According to the above, G [image: image], [image: image] and G change in the same direction, that is [image: image] 0. According to Eq. 29, we can get:
[image: image]
Furthermore, the first-order partial derivative of [image: image] can be found when [image: image], [image: image] 0, which means that when the space-time distance caused by HSR is reduced to a certain extent, it can promote the local government to strengthen environmental regulations and promote the improvement of the level of green innovation. Based on the above analysis, this paper proposes Hypothesis 1 and Hypothesis 2:
H1: HSR can promote urban green innovation.
H2: HSR promotes the level of urban green innovation by promoting the flow of innovative personnel, capital flow, and influencing local government behavior.
When analyzing the impact of the innovator flow, capital flow, and local government behavior on the level of urban green innovation caused by HSR, this paper found that the impact of HSR on the level of urban green innovation showed an inverted U-shaped trend. In other words, HSR has an optimal radius for promoting the level of green innovation. Given this, this paper proposes Hypothesis 3:
H3: There is an optimal radius for the promotion of the city’s green innovation level by HSR.
RESEARCH DESIGN
Data Source and Processing
This paper uses the panel data of China’s prefecture-level cities from 2000 to 2018, excluding samples from the Xinjiang and Tibet regions of China to avoid the effect of outliers. Among them, the HSR data mainly comes from the “China Railway Yearbook,” relevant announcements of the National Railway Administration, and the 12,306 website (the official rail ticket booking site in China). This part of the data was collated manually. Other city-level data came from the “China City Statistical Yearbook,” “China Regional Economic Statistical Yearbook,” “China Statistical Yearbook” and statistical yearbooks of various provinces and regions. Moreover, the map data of the post Ming dynasty were matched with Google maps, Chinese maps, and the patent data collected from the State Intellectual Property Office and applied in this paper.
Model Specification
For prefecture-level cities in China, whether or not to open a high-speed railway is somewhat exogenous, as the location of high-speed railway construction is mainly planned by the National Development and Reform Commission and the General Railway Corporation (formerly the Ministry of Railways) in a comprehensive manner, with less influence from the prefecture-level municipal governments. Therefore, HSR can be used as a “quasi-natural experiment”. Existing literature tended to apply the double-difference method to evaluate its effect (Fang, 2021). However, weighing on the perspective of spatial measurement, HSR can affect both the green innovation of the city and the green innovation of surrounding cities. Testing with the traditional double difference method cannot explain the spatial spillover effect brought about by HSR, and it is easy to bring about the problem of multicollinearity between dummy variables and cross-terms. Therefore, based on the traditional double difference model, this paper considers that the spatial Durbin model can not only examine the spatial lag and the impact of the spatial error term, but also examine the external influence of the spatial lag term of the independent variable, and construct a dual-difference spatial Durbin model. The model is set as follows:
[image: image]
In this paper, cities with high-speed rail are used as the treatment group, and cities without high-speed rail are used as the control group. Among them, i represents the city, and t represents the time, [image: image] representing the city’s green innovation. [image: image] is the combined dummy variable of whether to open the HSR, which is composed of the data group and the central value of the dummy variable for whether to open the HSR, that is [image: image] = [image: image], [image: image] is the data group dummy variable, when the data originates from the processing group, it is assigned a value of 1. Otherwise, it is 0; [image: image] is the dummy variable of whether to open the HSR, and the value is 1 in the year of the HSR opening and every subsequent year, otherwise, it is 0. [image: image], the endogenous time-space weight matrix, which represents the time weight matrix and the space weight matrix separately.
In this paper, both geographic and economic spatial weighting matrices are used. The geographical spatial weight matrix represents the spatial interrelationship between city i and city j in terms of the inverse of the inter-city distance, while the economic spatial weight matrix represents the spatial interrelationship between city i and city j in terms of the level of economic development. The spatial weight matrix is set according to the similarity of the city per capita in GDP, and city fixed effects and year fixed effects, respectively, and are random error terms.
Variable Selection
Urban green innovation is difficult to measure directly. The present study applied two main alternative indicators: indicators of green innovation inputs and indicators of green innovation outputs. In contrast, green patent data covers sufficient information on green and non-green technologies (Keller, 2010). Based on the above, this paper takes the number of green patent applications as the core independent variable. The relevant information provided by The State Intellectual Property Office provided, such as patent application number, application date, publication number, publication date, patent name, abstract, classification number, applicant, and inventor. Compared with design patents, utility model patents and invention patents have higher technical content. For the above reasons, this paper chooses them as the research objects of innovation.
This paper is based on the “Green List of International Patent Classification1” published by the World Intellectual Property Organization (WIPO). We then matched and identified green patents through patent classification numbers, and added them to the prefecture-level city level. Using the total number of green patents (the sum of green invention patents and green utility model patents), green invention patents, and green utility model patents we measured the level of urban green innovation, denoted by Y, Y1, and Y2 respectively, and adding 1 (logarithm) (Wu et al., 2022).
For the selection of the dependent variable, we first considered that the State Railway Administration of China defines a high-speed railway as a new passenger dedicated line railway designed to run 250 km/h (including reserved) and above trains with an initial operating speed of not less than 200 km/h. The Qin-Shen High Speed Railway entered the track laying stage in 2001 as China’s first dedicated passenger line, marking the entrance of China’s railways into the era of high speed. Therefore, the period 2001–2018 was chosen as the time point for the research sample in this paper. This paper selects HSR as the dependent variable, focusing on the “stopped” state of the HSR, and judging whether to open the HSR based on whether there is an HSR station. The year when the first HSR station was opened was the HSR opening date. In view of this, this paper assigns the value of 1 to the year when the HSR of city i was opened and every subsequent year, otherwise it is 0. Taking into account that the opening time of HSR in some cities was the beginning of the year, and the opening time of HSR in other cities took place at the end of the year, this paper treats HSR as starting 1 year later.
Selection of intermediary variables: Innovative personnel flow (Lab), Considering that the flow of innovative personnel is an important factor affecting the level of green innovation, this paper focuses on measuring the flow of innovative personnel. Taking the difference in wages and house prices as attractive variables, and using a double logarithmic gravity model to measure the number of innovative personnel flowing2 ([image: image]); Capital flow (Cap). Considering that R&D capital flow is the key factor affecting the level of green innovation, we used the average profit difference and the difference in financial marketization as attractive variables, and the double logarithmic gravity model to measure the flow of R&D capital3 ([image: image]).
Local government actions (IER): The behaviors of local governments in this paper mainly refer to the behaviors taken by local governments because of their emphasis on green innovation and the regional advantages of the city. Since environmental regulations are usually direct interventions by local governments in environmental protection, which can significantly affect the level of green innovation in cities, this paper uses the intensity of environmental regulations to express the importance and support of local governments on environmental protection, that is local government’s behavior to support urban green innovation. Measuring the intensity of environmental regulation by constructing a composite index of emissions of wastewater, SO2 and soot (Feng and Chen., 2018). First, according to the three types of pollutant emissions per unit economic output of each city, linear standardization is performed. [image: image], Among them, [image: image] is the discharge amount of pollutants per unit output value of city i, and [image: image] is the value after standardization of the index, max, and min respectively represent the maximum and minimum emissions of each pollutant in city i. Then, set the adjustment parameters to reflect the differences in pollution in each city, and adjust the parameters as [image: image]. Finally, the intensity of environmental regulations in each city is calculated as: [image: image] = [image: image] .
In line with existing studies (Hsu et al., 2021; Lin and Jia., 2022), the control variables selected for this paper, include: (1) the level of urban economic development (economy). This paper uses per capita GDP as an indicator to measure the level of urban economic development. (2) The level of opening to the outside world (Open), and the proportion of foreign direct investment in GDP in this paper is used as a substitute indicator. (3) The level of infrastructure construction (inf), measured by the highway mileage of prefecture-level cities (take the logarithm). (4) Industrial structure (lngdp3). This paper uses the tertiary industry’s share of GDP to measure the industrial structure. (5) Fiscal expenditure bias (fs), this paper uses the proportion of local fiscal general budgetary expenditure after deducting people’s livelihood expenditure in the local fiscal general budgetary expenditure. (6) Human capital (hc), this paper measures the number of college students per 10,000 people.
EMPIRICAL RESULTS
Parallel Trend Test
The important premise of applying the double difference method is to satisfy that the treatment group and the control group have the same changing trend before the policy is implemented. Therefore, this paper treats the event of HSR in the forward and backward three phases respectively to test whether the parallel trend assumption is satisfied between the cities with HSR and those without HSR. The test results are reported in Figure 1. The average values of the first three phases of the HSR opening are not significant, while the average values of the three phases after HSR all have a significant positive impact. The difference between cities is more obvious.
[image: Figure 1]FIGURE 1 | Parallel trend test.
Benchmark Regression Results
Due to spatial linkage, the level of green innovation in each city is not only affected by relevant factors in the province, but also by other provinces. Given this, this paper constructs a global Moran I index to test whether there is a correlation between variables. Through calculations, it was found that the total number of urban green patents and green utility patents were significantly positive in the Moran Index from 2000 to 2018, showing a strong spatial correlation. Green invention patents did not show spatial relevance in 2000–2007, but over time, the degree of spatial dependence gradually increased. Taking 2018 as an example, from Figures 2–4, we see that the total number of urban green patents, green invention patents, and green utility patents are all spatially correlated and that the spatial measurement model can be used to undertake further empirical tests.
[image: Figure 2]FIGURE 2 | The Moran Index of the total number of green patents in 2018.
[image: Figure 3]FIGURE 3 | The Moran Index of green invention patents in 2018.
[image: Figure 4]FIGURE 4 | The Moran Index of green utility model patents in 2018.
To test the relationship between HSR and urban green innovation, this paper verifies Hypothesis 1 according to Eq. 35. All regression results are added with control variables, and time fixed effects and urban fixed effects are added. The regression results are reported in Table 1. It can be seen that after HSR, there is a significant positive relationship with the total number of urban green patents (Y), green invention patents (Y1), and green utility model patents (Y2). In terms of the degree of influence, compared with the urban green utility model patents, HSR has a stronger influence on the urban green invention patents. This paper believes that the reason is that green invention patents can effectively improve the energy-saving and emission-reduction level of enterprises. HSR stimulates the energy-saving and emission-reduction motivation of enterprises by affecting the flow of R&D factors and local government behavior, thereby significantly promoting green invention patents. In addition, it can be found from Table 1 that the spatial spillover effect of HSR is significantly positive, indicating that HSR has a significant spatial radiation effect, which can not only promote the green innovation of the city, but also enable neighboring cities to share the dividends of HSR, and achieve essential factors. Two-way flow, thus forming an obvious positive spatial spillover effect. This is also consistent with the findings of Jia Shao and Yang (2021), proving H1.
TABLE 1 | Benchmark regression results.
[image: Table 1]Heterogeneity Test
Compared with non-resource-based cities, resource-based cities have more special resource endowments, which may have a differential impact on urban green innovation. To obtain more meaningful research results, we measured the resource endowment of the city by the proportion of extractive industry employees in the total population at the end of the year and divided the sample into resource-based cities and non-resource-based cities according to the median (Feng and Chen, 2018). In the end, 114 resource-based cities and 171 non-resource-based cities were used as samples for testing in this paper.
The regression results are reported in Table 2, which indicates that HSR has no significant impact on urban green innovation and that HSR does not help resource cities improve their green innovation level. For non-resource-based cities, the main effect coefficient and spatial spillover coefficient of HSR are both significantly positive, indicating that HSR can not only improve the city’s green innovation level but also have a driving effect on peripheral cities. The possible reason is that resource-based cities have a higher degree of capital abundance, and enterprises mainly rely on extracting resources to survive and have similar technical levels. In addition, green innovation requires long-term input of labor, capital, and other factors, which makes it difficult for enterprises to spontaneously carry out green innovation. Even if the HSR is open, it is difficult to stimulate green innovation. Non-resource cities usually have a higher awareness of ecological and environmental protection, and local governments are more willing to build clean cities. The technological level will also affect the competitive advantage of enterprises. Therefore, HSR can further enhance the city by promoting the flow of factors and affecting government behavior to improve the green innovation level.
TABLE 2 | Test results of heterogeneity of different resource-based cities.
[image: Table 2]Robustness Test
In view of the fact that the HSR opening event is not strictly exogenous, urban green innovation may be affected by uncontrolled variables in the model. In order to solve the problem of missing variables and reverse causality. In this paper, we refer to related scholars to select the number of Ming Dynasty post stations as the instrumental variable for robustness testing (Ganong and Shoag., 2017). On the one hand, the establishment of Ming dynasty stations and HSR ways mostly occurred in flat areas, and they could also improve traffic accessibility and play a role in connecting cities, thus satisfying the assumption of the correlation of instrumental variables. On the other hand, the establishment of the Ming dynasty station was mainly to convey military and political information, and it did not change with time. It was a strictly exogenous historical event and met the exogenous requirements of instrumental variables. The regression results are reported in Table 3, showing that the main effect and spillover effect coefficients are both significantly positive, indicating that the conclusions of this paper are robust.
TABLE 3 | Regression results of instrumental variables.
[image: Table 3]To further test that HSR opening is not affected by omitted variables, where HSR opening cities are randomly assigned 1000 times, Figure 5 shows the kernel density plot of the HSR opening coefficients obtained by this method, with the mean value of the coefficients after randomization being 0.0093, which is very close to zero compared to the baseline results, verifying that HSR opening enhances the city’s green innovation level (Alder et al., 2016).
[image: Figure 5]FIGURE 5 | Kernel density diagram for HSR opening factor.
FURTHER ANALYSIS
Mechanism Inspection
To explore the mechanism of the impact of HSR on urban green innovation, we first tested the impact of HSR opening on the intermediary variables and then introduced the interaction terms between HSR opening and intermediary variables. This tested whether the intermediary variables play a role in the impact of HSR opening on urban green innovation. The model is set as follows:
[image: image]
[image: image]
Among them, [image: image] are intermediary variables, which are the flow of innovative personnel (Lab), capital flow (Cap), and local government behavior (IER). Other items have the same meaning as in model (35). The coefficient [image: image] and [image: image] respectively represent the influence of HSR on the intermediary variables and the spatial spillover effect. This section focuses on the interaction coefficient [image: image] and [image: image], which reflects whether HSR affects green innovation by affecting the flow of innovative personnel, capital flow, and local government behavior.
The regression results of columns (1) and (2) in Table 4, show that HSR can significantly promote the flow of innovative personnel between regions. Moreover, the interaction coefficient between the flow of innovative personnel and HSR is significantly positive at the 1% level, indicating that HSR can indeed promote mutual learning between regions by promoting the flow of innovative personnel, thereby enhancing the level of urban green innovation. The regression results of columns (3) and (4) in Table 4 show that HSR can significantly promote capital flows, and the coefficient of the interaction term is significantly positive, indicating that HSR can effectively reduce the barriers to capital flow by promoting inter-regional capital flows to have a significant positive impact on the city’s green innovation. The results of column (5) of Table 4 show that HSR has a significant positive impact on the intensity of environmental regulations, indicating that HSR has caused local governments to pay more attention to environmental protection to increase location advantages, and significantly improve the level of regional environmental regulations. The regression of column (6) shows that the interaction coefficient between the intensity of environmental regulations and HSR is significantly positive, indicating that HSR can promote the improvement of the level of urban green innovation by influencing the behavior of local governments. This proves hypothesis 2, which outlined that HSR promotes urban green innovation by promoting the flow of innovative personnel, capital flow, and influencing local government behavior.
TABLE 4 | Mechanism test results.
[image: Table 4]The Optimal Radius of the Impact of HSR on Urban Green Innovation
According to the empirical results, HSR promotes the flow of innovators and capital flows, and affects local government behavior, which has a positive incentive effect on the level of urban green innovation. In the theoretical analysis part, this paper believes that there is an optimal radius for the promotion of urban green innovation by HSR, which is further tested in this section. This paper takes provincial capitals and municipalities as central cities and uses 100, 200, 300, and 400 km from the nucleus city as the radius to verify the optimal radius of the promotion of urban green innovation by HSR. This paper reports the regression results of the explained variable as the total number of green patents (Y) in Table 5. The opening of the nucleus city HSR has a significant role in promoting the level of urban green innovation, while the regression results of samples within 100 km from the nucleus city are not significant, and the regression results of samples outside 200 km from the nucleus city are significantly positive, as the distance increases, HSR has gradually weakened the promotion of urban green innovation. It shows that HSR has both a “centrifugal force” and a “centripetal force” effect on urban green innovation. The insignificant regression results of samples within 100 km from the nucleus city may be due to the “centrifugal force” effect. This also confirms that the impact of HSR on the level of green innovation has an inverted U-shaped trend that first rises and then falls, that is, there is an optimal radius for the promotion of HSR on the level of urban green innovation. Therefore, hypothesis 3 of this paper is proved. Furthermore, this paper concludes that the optimal radius of the promotion of HSR on the level of urban green innovation is 200 km.
TABLE 5 | Optimal radius test results.
[image: Table 5]CONCLUSION AND POLICY IMPLICATIONS
Based on new economic geography’s “core-periphery” model, this paper divides the industrial sector into clean and polluting industries and demonstrates the relationship between HSR and urban green innovation and the working mechanism (Acemoglu et al., 2001). Based on the city-level panel data of China’s prefecture-level cities from 2001 to 2018, the HSR was chosen as a quasi-natural experiment in this paper, and the dual-differential spatial Durbin model was selected to examine the impact and mechanism of HSR on urban green innovation. The study found that: (1) The HSR plays a significant role in promoting urban green innovation, and the spatial spillover effect is substantial. (2) Unlike previous studies, which indicate that the opening of HSR has bearing on city size and geographical location (Jia et al., 2021; Kong et al., 2021), the results of the heterogeneity test in this paper revealed that high-speed rail can enhance urban green innovation in non-resource-based cities. (3) The impact mechanism of the high-speed railway on urban green innovation mainly comes from the flow of innovative personnel and capital, and the strategy of local governments to strengthen environmental regulations to improve regional advantages. This paper also indicates that HSR shows an inverted U-shaped trend in promoting urban green innovation, and the optimal radius is 200 km from the nucleus city.
Based on these research conclusions, this paper proposes the following policy recommendations: first, continuous improvements shall be achieved in the construction of transportation infrastructure, planning for HSR construction shall be decided according to local conditions, the efficiency of resource allocation will be accelerated, and the positive role played by HSR will be improved in the level of urban green innovation. For non-resource-based cities and non-old industrial cities, it is necessary to make full use of the agglomeration of innovative personnel, capital, and policy guidance brought about by HSR, and lay out regional green innovation highlands, making HSR an important source of green innovation. For resource-based cities and old industrial cities, corresponding policies should be formulated to make full use of the radiation effect of HSR opening cities. Second, the division of labor and coordination among cities along the HSR were strengthened, and the “siphon effect” and “black under the lights” caused by HSR shall be alert. Nucleus cities should strengthen regional cooperation and effectively spread the positive effect of HSR; non-nucleus cities should actively improve transportation infrastructure and formulate differentiated urban green innovation development strategies. Third, cities without HSR should aim to boost their economy and strive for opportunities for HSR investment and construction. In addition, cities without HSR should actively integrate into the HSR “radiation circle” to form a pattern of interconnection with HSR cities, and play a positive role in the “1-h economic circle” in urban green innovation.
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FOOTNOTES
1The list divides green patents into seven categories according to the “United Nations Framework Treaty on Climate Change”, including: transportation, waste management Category, energy conservation category, alternative energy production category, administrative supervision and design category, agriculture and forestry category, and nuclear power category.
2[image: image] is the number of innovator in city i, [image: image] and [image: image] represent the average salary of urban units employed in city j and city i respectively, [image: image] and [image: image] represent the average sales price of housing in city j and city i respectively. [image: image] is the square term of the distance between the two cities. The distance between the cities is calculated according to the 1:400,000 electronic map on the National Geographic Information System website. Then add up to get the total number of innovator flowing in city i.
3[image: image] is the R&D capital of city i, [image: image] and [image: image] represent the average profit rate of city j and city i respectively, [image: image] and [image: image] represent the financial marketization level of city j and city i respectively, and [image: image] are the square terms of the distance between the two cities. Then add up to get the total of city i.
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respectively. Control variables, time, and city are all controlled.
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