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As a convenient means of transportation, high-speed rail (HSR) plays an important role in green development. In the context of the rapid development of China’s HSR, this study selects the SBM-DDF-SML model to construct the green total factor productivity (GTFP) index to measure urban green development; moreover, it empirically tests the impact of the opening of the HSR on GTFP using the spatial difference-in-differences (SDID) model. The results show that the opening of the HSR could significantly promote GTFP for HSR-served cities. In addition, the opening of HSR has a positive effect on the GTFP for neighboring HSR-served cities but a negative impact on that for neighboring non-HSR-served cities. The mechanism test shows that HSR can influence GTFP by promoting urban green innovation and entrepreneurial vitality. This study is a supplement to the research on the impact of HSR on the GTFP, in order to provide corresponding policy advice. The government should optimize the layout of HSR and help cities achieve green and sustainable development.
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1 INTRODUCTION
Since the Industrial Revolution, accompanied by the prosperity of the world economy, environmental pollution has become increasingly severe (Chen and You, 2021). Environmental pollution has seriously impaired human physical and mental health (Chen et al., 2013; Calderón-Garcidueñas et al., 2014). In particular, the accumulation of greenhouse gases, which leads to the frequent occurrence of all kinds of weather and climate events, has brought severe threats to human society (Han et al., 2020). Governments and environmental protection organizations around the world have made great efforts to deal with the issues of environmental pollution and climate change (Rehman et al., 2022). However, the problem of environmental degradation has not been effectively curbed. According to a report on global climate change released by the World Meteorological Organization in 2020, in the first half of the 21st century, global greenhouse gases reached the highest level they had attained in three million years (Guo et al., 2021). In coping with environmental pollution, green growth has increasingly become one of the most favored development models in modern society.
China is the largest developing country, and its economic development and environmental pollution issues have a high profile around the world (Zhang et al., 2020). After the reform and opening up, China quickly became the second-largest economy, growing at a three times higher rate than the global average annual growth rate. However, it has also paid a heavy environmental price for economic growth (Xia and Xu, 2020), in terms of air pollution (Zeng et al., 2019), soil pollution, and deteriorating water quality (He et al., 2020). The environmental pollution issues in China were already quite severe (Yang et al., 2021), restricting the country’s economic development. Over time, the contradiction between China’s economic development and environmental protection has become increasingly prominent (Li T. et al., 2020). Transforming the mode of economic development to improve the quality of economic growth has become an important means of resolving the contradiction between economic development and environmental protection (Yang et al., 2021).
Green development is a development model that essentially involves balancing economic development and environmental protection. In this sense, GTFP is a reasonable quantification of green development (Liu G. et al., 2020). Hence, improving GTFP has become an important means of coordinating the relationship between the environment and economy (Zhao et al., 2020) and an inevitable choice for achieving economic quality improvement (Gao et al., 2021). The impact factors of GTFP have been extensively studied, including environmental regulations (Zhao et al., 2020), industrial structures (Peng et al., 2020), factor market misallocations (Zhang et al., 2019), and development of the internet (Li T. et al., 2020). In addition, public infrastructure is regularly treated as the key to promoting economic efficiency by reducing production costs and transaction costs (Chen and Vickerman, 2016; Diao, 2018). The role of rail transit in reducing air pollution (Zheng S. et al., 2019; Guo and Chen, 2019) and improving environmental quality (Fan et al., 2020; Guo et al., 2020) has also been widely confirmed. This raised the question of what impact HSR, which integrates clean, speed, convenience, and safety (Guo et al., 2020), has on the GTFP? However, despite the importance of the topic, few scholars have discussed this issue in detail at present. Thus, this study is a supplement to the research on the impact of traffic infrastructure on the GTFP.
After the opening of the world’s first HSR, Japan’s Shinkansen Line in 1964, Western countries such as Germany, France, and Italy successively started a wave of HSR construction (Guo et al., 2020). Since China’s first HSR, the Beijing–Tianjin Intercity Railway, opened in 2008, the construction of HSR in China has been increasing at an alarming rate. In addition, the “8 + 8” corridor HSR framework has gradually come into being in China (Yu et al., 2019). By 2020, the operating mileage of HSR in China reached 35,000 km, accounting for more than half of the global HSR operating mileage and ranking first in the world (Huang and Zong, 2021). Now, more and more travelers take HSR as their preferred mode for traveling (Guo et al., 2020). Meanwhile, as a novel transport tool with the characteristics of safety, comfort, and efficiency (Cheng, 2010), HSR shortens the travel time between cities (Jiao et al., 2017) and changes individual travel patterns (Li et al., 2016). Moreover, the role of HSR has become increasingly prominent in promoting economic restructuring (Chen, 2012) and optimizing resource allocation (Zhu et al., 2020). Hence, the positive impact of HSR on socioeconomic booms has been widely accepted by scholars (Ke et al., 2017). In addition, the literature also talks about the positive relationship between HSR and pollution reduction effects (Dalkic et al., 2017), although there is another view to the effect that HSR has a negative impact on the ecological environment (Kaewunruen et al., 2019). Moreover, there is spatial unevenness in the improvement of regional accessibility by the opening of HSR, which leads to uncertainty about the positive economic effect of HSR. On occasions, some scholars have found that HSR will only promote economic growth in HSR-served cities, causing economic recession in non–HSR-served cities (Martin, 1997). Therefore, the impacts of HSR on the economy and environment are still much debated (Chen, 2012; Chen et al., 2016). This has caused us to rethink the relationship between HSR and socioeconomic development and ask the following question: can the opening of HSR improve GTFP?
In China, HSR projects are mainly planned by the state based on economic benefits and security issues. However, the economic benefits brought by HSR have led cities to confront in competition for HSR stops. In 2009, in Shaoyang, Hunan Province, 10,000 citizens took part in a campaign lobbying for an HSR to pass through their city. Following this, a fierce competition for HSR stations between neighboring cities nationwide, such as Shiyan and Xiangyang, Jingmen and Jingzhou, often arose. What caused the fierce HSR competition? How can this be explained from an economic perspective? Is it just because HSR can boost local economic growth? So far, few scholars have conducted an in-depth analysis of this problem. However, this research will give a more reasonable explanation for the fierce competition between neighboring cities.
Existing studies on HSR projects mainly assume the opening of HSR stations as a quasi-natural experiment, using a difference-in-difference (DID) model to evaluate the impact of this project on local socioeconomic development (Guo et al., 2020; Zhu et al., 2020). However, the DID model cannot effectively assess the socioeconomic impact of HSR on neighboring areas, in particular, on those neighboring areas without HSR stations. Thus, this study adopts a spatial difference-in-difference (SDID) model to identify the impact of HSR on neighboring HSR-served and non–HSR-served cities. This method for evaluating the impact of HSR on GTFP is more complete than the traditional DID model (Chagas et al., 2016).
The main contributions of this study to the existing literature are as follows: First, from the perspective of research, we tested the impact of HSR on GTFP, which enriched the current research on HSR and GTFP projects. Second, in terms of research methods, we adopted the SDID model, which is a frontier approach in econometrics to evaluate the effects of HSR on both HSR-served and non–HSR-served cities. This method can not only measure the effects of HSR on treatment cities but also the spatial spillover benefits to neighboring non–HSR-served cities. This research is conducive to our comprehensive assessment of the social impact of HSR. Moreover, existing research focused on the economic and environmental impacts of HSR, but this study investigates whether the opening of HSR can promote both economic and sustainable development. It provides a systematic empirical analysis framework for future-related research. In addition, our research conclusions can better explain the realistic issues, such as why there is fierce competition for HSR stations between neighboring cities.
2 LITERATURE REVIEW AND HYPOTHESES
2.1 Direct Effects of High-Speed Rail
In the context of green and sustainable development, scholars have included energy consumption and environmental capacity as new input factors in the production function in traditional total factor productivity (TFP) analysis (Feng and Serletis, 2014). Based on these studies, some scholars define input–output efficiency as GTFP, which incorporates energy consumption and pollutant emissions (Chen and Golley, 2014; Zhu et al., 2018). Since then, GTFP has been used to study the input–output efficiency of economic systems (Fare et al., 2007; Chen and Golley, 2014) and assess the sustainability of economic development (Liu G. et al., 2020; Xia and Xu, 2020; Yan et al., 2020). As a phenomenon, the growth of GTFP is considered to achieve both economic growth and ecological development of cities. Environmental degradation has become one of the most important issues because of the increase in CO2 emissions (Fareed et al., 2022). Ullah et al. (2022) examined the relationship between tourism, economic growth, and CO2 emissions in Brazil from 1995 to 2018; they suggested that sustainable and eco-friendly economic growth and tourism policies significantly preserve environmental quality. Rehman et al. (2021) also concluded that export diversification, renewable energy, and regulatory quality are negatively associated with GHG emissions. They proposed mechanisms and pathways to avoid environmental degradation. As mentioned in the previous section, scholars have conducted a series of discussions around the impact factors of GTFP; among these, the role of transportation infrastructure on GTFP has been extensively studied (Zhang et al., 2019; Li Y. et al., 2020; Peng et al., 2020). However, little literature has focused on the relationship between HSR, which represents an essential component of transportation infrastructure and the GTFP.
From an economic perspective, HSR is the “buster” of natural barriers and space-time distance in the new era; it can speed up the flow of labor factors and promote the economic growth of cities along the line (Banerjee et al., 2020). HSR’s social effects have been recorded in many studies, and they include economic growth (Li Y. et al., 2020; Jin et al., 2020), industrial agglomeration (Matas et al., 2020), and city accessibility (Xu et al., 2018). Compared with traditional railroad investment, HSR construction will bring higher economic input (Diao, 2018), and accordingly, higher economic output. Once a government chooses to build an HSR station in a city, the economic indicators of the area tend to show a growth trend (Sun et al., 2020). In addition, investment in HSR drives the development of related industries (Shao et al., 2017; De Rus, 2021). For instance, Bernard et al. (2019) scrutinized the significant impact of firm production chains and supplier selection for Shinkansen in Japan. The study results showed that HSR has a positive influence on firm productivity. Thus, HSR can promote regional economic growth by improving the economic efficiency of enterprises (Pontarollo and Ricciuti, 2020). Second, the continuous improvement of HSR will break the market segmentation between cities (Vickerman, 2018). HSR speeds up the flow of resources, such as technical factors, information factors, and time-sensitive senior talent factors (Wang et al., 2019). It also prompts the redistribution of resource factors that bring new vitality to different cities (Shao et al., 2017). Third, HSR is efficient and convenient, allowing it to compress the time cost between regions (Chen and Haynes, 2015). The construction of HSR enhances accessibility and communication between cities, and it creates good external conditions for urban economic development (Israel and Cohen-Blankshtain, 2010).
From an environmental perspective, the railway network is closely related to energy consumption and environmental pollution (Ibanez and McCalley, 2011). Some scholars have advocated that the government shift road investment to the construction of HSR (Song et al., 2016). The construction of HSR is a practical manifestation of China’s green and sustainable development policy in transportation construction (Song et al., 2016). The positive and negative externalities of HSR have complex effects on environmental efficiency (Sun et al., 2020). It is well known that HSR has high cleanliness and low energy consumption characteristics, which can directly reduce environmental pollution in actual operation (Chester and Horvath, 2012). Car emissions represent the main cause of air pollution (Li and Yu, 2019). HSR reduces traffic congestion and gaseous waste emissions, as well as environmental pollution, by replacing traditional transportation (Anderson, 2014). According to the study of Chen et al. (2016), HSR has a significant and positive effect on environmental degradation. In addition, Wang et al. (2018) found that HSR has a significant impact on enterprise energy saving and emission reduction, and it helps enterprises achieve clean production and reduce pollution emissions. Looking specifically at carbon reduction, Dalkic et al. (2017) noted that HSR consumes fewer fossil fuels for passenger and freight transport, helping reduce carbon emissions. Chen et al. (2016) confirmed the reducing role of HSR on CO2 emissions but pointed out that this effect would be offset by the scale effect of passenger traffic brought by HSR. Chang et al. (2019) used the Beijing–Shijiazhuang HSR line as a research object and found that HSR can significantly reduce greenhouse gas emissions. Compared with road transport and airlines, HSR carries the same number of passengers but consumes half the energy and produces half the CO2 emissions (Åkerman, 2011; Yang et al., 2021). As a result of transportation substitution and technological innovation, the increase in HSR service intensity has significantly reduced carbon dioxide emissions and curbed carbon dioxide emissions in neighboring cities (Jia et al., 2021).
Thus, based on the abovementioned analysis, this study puts forward the following hypothesis:
H1: HSR promotes GTFP for HSR-served cities.
2.2 Spatial Effects of High-Speed Rail
Improvements in transportation infrastructure can enhance the spillover effect between economies (Chen and Wei, 2018). As a transportation link between different regions, railways can effectively allocate natural resources, human resources, or commodities. Existing studies have focused on the spillover effects and siphon effects generated by the opening of HSR (Hernández and Luis Jiménez, 2014; Liu S. et al., 2020; Moyano and Dobruszkes, 2017; Zheng L. et al., 2019). Local governments tend to use the spatial spillover effects of HSR to promote development in urban areas (Zheng L. et al., 2019), while enhancing the land and property values of surrounding cities (Huang and Du, 2021). Thus, HSR can serve as an important channel for infrastructure financing and government revenue sources (Li Y. et al., 2020), achieving economic growth through spatial spillover effects (Huang and Xu, 2021). In the United Kingdom, HSR has had spillover effects on the surrounding areas because of knowledge diffusion, increased accessibility, and lower transaction costs (Ahlfeldt and Feddersen, 2018). It has been argued that the spatial spillover effects of HSR on neighboring cities are homogeneous and undifferentiated (Banister and Berechman, 2001). However, cities are complex network structures with increasingly weak geographic distance limits, so different spillover effects of HSR on surrounding cities may be found (Zheng L. et al., 2019).
After the opening of HSR, there is also a siphon effect between cities, and the gap between HSR-served cities and non–HSR-served cities is gradually increasing (Qin, 2016). Cascetta et al. (2020) studied Italy’s economic growth and social effects after 10 years of HSR service, finding that the HSR not only reduces resident travel time by 11% but also creates inequality between HSR-served and non–HSR-served cities. The same problem was found in a study based on data from Japan’s high-speed railroad (Li and Xu, 2018). Furthermore, while Lille (the largest city in northern France) is connected to Paris by HSR, the surrounding villages without HSR stations have suffered as a result (Ollivier et al., 2014). In China, HSR-served cities have higher economic benefits than non-HSR cities because of the significant increase in fixed-asset investment after the opening of HSR (Li X. et al., 2020). Moreover, HSR makes more commercial activities migrate to urban centers. This is extremely disadvantageous for non–HSR-served cities because it means population loss (Yang et al., 2020). In addition, HSR-served cities can provide more jobs than non-HSR cities can (Cheng et al., 2015). To make matters worse, the opening of HSRs leads to lower gross domestic product (GDP) growth in non–HSR-served cities, resulting in inequality between them (Faber, 2014; Meng et al., 2018).
According to the abovementioned analysis, we put forward the following hypotheses:
H2a: The opening of HSR can promote GTFP in neighboring HSR-served cities.
H2b: The opening of HSR has a negative effect on GTFP for neighboring non–HSR-served cities.
2.3 The Mechanism of High-Speed Rail on Green Total Factor Productivity
The improvement of GTFP cannot be achieved without technological progress (James et al., 2013). Technological progress is key to GTFP enhancement, especially in terms of green technology innovation (Aldieri et al., 2021). Green innovation is not just about reducing environmental burdens but also involves the aim of generating significant environmental benefits (Schiederig et al., 2012; Driessen et al., 2013). Innovation activity can significantly moderate the relationship between financial inclusion and environmental degradation (Fareed et al., 2022). Moreover, as Kassouri (2022) indicated, the public budget for energy research, development, and demonstration (RD & D) can effectively promote green technology innovation through the fiscal decentralization of government. Existing research concludes that green innovation makes growth sustainable (Rennings, 2000), which has a positive impact on productivity in the medium and long term (Aldieri et al., 2021). It is also a key catalyst for sustainable development (Porter and Van Der Linde, 1995).
Innovative talent and academic exchanges are the basic conditions for green innovation in cities (Dong et al., 2020). HSR can promote population clustering (Debrezion et al., 2010) and reduce commuting costs. High-level innovative talents always prefer faster HSR as a travel mode for cross-regional exchanges to save time. Dong et al. (2020) also found that HSR had a positive effect on researcher communication, showing that HSR significantly facilitated academic communication activities. In addition, the opening of HSR has facilitated factor mobility and stimulated the innovation output of firms and society. Faced with fierce competition, firms carry out green innovation activities to improve their core competitiveness (Oum and Fu, 2008). These activities can reduce pollution prevention costs (Leonidou et al., 2015) and receive financial subsidies from the government in terms of green innovation (Aldieri et al., 2021). Moreover, HSR reduces trade and search costs, increasing real profits of firms and encouraging them to invest more in research and development (R & D) for green innovation (Bernard et al., 2019; Kuang et al., 2021).
Based on the abovementioned analysis, this study proposes the following hypothesis:
H3: HSR promotes GTFP by increasing green innovation.
Entrepreneurship is a social activity in which entrepreneurs obtain higher economic value by integrating their various resources and using an effective combination of their resources and social resources. Entrepreneurial vitality is a measure of entrepreneurial activity. Previous literature has pointed out that improvements in transportation infrastructure have a positive impact on entrepreneurial activity (Fritsch and Storey, 2014; Berger and Kuckertz, 2016). Similarly, transportation infrastructure is crucial for maintaining business relationships, information exchange, and the establishment of new business opportunities (Ma et al., 2021). Thus, railroads and highways have a significant impact on regional entrepreneurial vitality (Audretsch et al., 2014). As the most popular mode of travel nowadays, HSR helps stimulate entrepreneurial vitality in cities and drive regional entrepreneurial enthusiasm (Ma et al., 2021). First, the opening of HSR can accelerate the urbanization process and improve the internal and external communication of cities (Petersen and Rajan, 2002). In this way, it can attract the inflow of entrepreneurs and provide strong support for regional entrepreneurial activities and the entrepreneurial behavior of talents. Second, HSR can promote the clustering and allocation of factors, alleviate entrepreneur information asymmetry, and create a good resource network and social environment for entrepreneurs. With the help of smooth, high-speed, and efficient communication channels, entrepreneurs can improve the operational efficiency and transaction costs of their businesses and the success rate of their ventures (Shao et al., 2017). Third, the opening of HSR will bring spatial spillover of economic growth and knowledge spillover of human capital. From this foundation, it can stimulate forward-looking entrepreneurial thinking and promote individual entrepreneurial behavior.
Existing studies have explored the positive impacts of entrepreneurial vitality on the GTFP (Liu S., et al., 2020; Xia and Xu, 2020; Zhang et al., 2021). First, entrepreneurial activity can accelerate the R & D of new technological achievements, which may force green technological innovation and product development. Therefore, entrepreneurial vitality can promote the improvement of GTFP. Second, entrepreneurial activities can accelerate the generation of new enterprises and industries and promote market competition and resource integration (Noseleit, 2012). This results in the achievement of economic growth and effective resource conservation. Third, entrepreneurial activities can generate new employment opportunities, improve human capital levels, and provide important support for economic growth and environmental quality improvement (Glaeser et al., 2010). In addition, entrepreneurial activities can attract and drive entrepreneurial subjects to exert agglomeration effects, releasing the potential for high-quality economic development (Glaeser et al., 2010). On the one hand, the clustering of similar entrepreneurial enterprises can realize the intensive use of infrastructure, reduce operating costs through resource-sharing and knowledge spillover effects, and effectively reduce pollution pressure (Duan et al., 2020). On the other hand, the agglomeration of complementary entrepreneurial enterprises can realize complementary advantages and win–win collaboration and effectively improve the efficiency of regional economic development (Acs and Armington, 2004).
In summary, we put forward the following hypothesis:
H4: HSR promotes GTFP by increasing entrepreneurial vitality.
3 CHINA’S HIGH-SPEED RAIL DEVELOPMENT
In January 2004, the National Development and Reform Commission (NDRC) approved the implementation of the Medium- and Long-Term Railway Plan (MLTRP). After that, China’s railway system has been developing rapidly. In August 2008, China’s first intercity railway with a maximum speed of 350 kph was opened for operation, marking China's entry into the era of high-speed rail. The 12th Five-Year Plan is a golden period for China’s high-speed rail development. During this period, the “four vertical and four horizontal” corridors were completed, connecting major urban agglomerations. In June 2016, NDRC revised the MLTRP again, expanding the network structure from the original “4 + 4” corridors to “8 + 8” corridors 1 (Figure 1A). The 2025 target is for the HSR network to reach 38,000 km. By that time, travel times will be within 4 h between the large- and medium-sized cities and within 2 h around the regional centers.
[image: Figure 1]FIGURE 1 | (A) Planned high-speed rail corridors. Source: from Growth of High-Speed Rail in China Published by World Bank Group. http://www.worldbank.org. (B) Completed HSR network in China, 2017. Source: Drawing by authors based on data from http://cn.gaotie.cn/.
Since 2008, HSR passenger volume has grown at 81 percent per year. In addition, the total number of HSR passenger traffic reached from 7.34 million in 2008 to 1.75 billion in 20172. By the end of 2017, 85 percent of prefecture-level cities in China have connected to HSR. However, there is spatial uneven distribution for China’s HSR. That is, the HSR lines and stations are densely distributed in eastern China and sparsely distributed in western China (Figure 1B).
4 GREEN TOTAL FACTOR PRODUCTIVITY IN CHINA
4.1 Measure of Green Total Factor Productivity
Data Envelopment Analysis (DEA) first proposed by Farrell (1957) is one of the commonly used methods to measure the classic total factor productivity (TFP) with multi-input and single-output. However, in the classic measurement method, GDP is regarded as a single “good” output; conversely, “bad” outputs at the expense of the environment are not included in the measurement system. Therefore, GTFP is the production efficiency that achieves maximum economic output while minimizing pollutant emissions under the premise of given input factors. Drawing on the research of Fare et al. (2007), we assume a city as a decision-making unit (DMU) with N inputs denoted by [image: image], M good outputs denoted by[image: image], and U bad or undesirable outputs denoted by [image: image].[image: image] is defined as the weight of the cross-sectional observation value. The constraint is [image: image]. The production possibility set using DEA is denoted as
[image: image]
Then, we introduce the directional slacks-based measure (SBM) proposed by Fukuyama and Weber (2009):
[image: image]
[image: image]
where [image: image] is an input–output vector, [image: image] is an input–output directional vector. [image: image], [image: image], and [image: image] are slack vectors of inputs, good outputs, and undesirable outputs, respectively.
On this basis, we use the Luenberger productivity indicator proposed by Chambers et al. (1996) as GTFP:
[image: image]
4.2 Variables
To measure GTFP, we need to select three important indicators: inputs, desirable outputs, and undesirable outputs. For inputs, in this study, we use labor force, capital, and energy, measured by the population of employment, total energy consumption, and capital stock calculated by the perpetual inventory method, respectively. For desirable output, we used real GDP at constant prices in 2000. Limited by statistical data, we adopt carbon dioxide emissions calculated by the fossil energy consumption of each city and industrial wastewater and waste solids as undesirable outputs. The data for all the aforementioned indicators are taken from the China City Statistical Yearbook (2007–2018).
4.3 Green Total Factor Productivity Calculation Results
According to models (1–3), we calculated the GTFP of 284 prefecture-level cities in China from 2006 to 2017. As Figure 2 shows, from 2006 to 2017, there was an overall growth trend in GTFP in HSR-served and non–HSR-served cities. Specifically, before the opening of China’s first HSR (in 2008), there was no significant difference in GTFP between the two groups. However, after 2008, there was a larger increase in GTFP in HSR-served cities than in non-HSR-served cities. Thus, the gap between the two groups is getting wider.
[image: Figure 2]FIGURE 2 | Trend in GTFP, 2006–2017.
Figures 3A,B depicts the spatial distribution of GTFP for 284 cities in 2006 and 2017, respectively. Figure 3A shows in 2006 nearly half of the cities with GTFP less than 1, widely distributed in central China, while cities with GFTP greater than 1 are mainly concentrated in the Northeast regions, coastal regions, and the Western regions (e.g., Chongqing, Chengdu, and Guiyang, etc.). Yet, as Figure 3B shows, the number of cities with GTFP greater than 1 in 2017 has increased significantly from 2006. At the same time, GTFP also presents the following characteristics. 1) Spatial agglomeration. Cities with GTFP lower than 0.7 are mainly concentrated in northern China’s provinces such as Ningxia, while cities with GTFP greater than 1.6 are mainly concentrated in the Northeast China, Shandong Peninsula, Yangtze River Delta, and Pearl River Delta. 2) GTFP in HSR-served cities is greater than that in others. From 2006 to 2017, GTFP showed an overall upward trend. However, the gap between different cities is also increasing. Although GTFP presents a certain degree of geographical concentration, it also shows the characteristics that HSR-served cities are greater than other cities.
[image: Figure 3]FIGURE 3 | (A) Spatial distribution of GTFP in 2006. (B) Spatial distribution of GTFP in 2017.
4.4 Spatial Attribute Analysis of Green Total Factor Productivity
Figures 3A,B illustrates that there is a spatial agglomeration for GTFP. Thus, there may be a spatial correlation in GTFP. Therefore, we adopt the global Moran’s Index to analyze the spatial correlation relationship from 2006 to 2017. The specific expression form is
[image: image]
where [image: image] represents Moran’s I, and its value ranges from −1 to 1. If [image: image] passed the significance test, it means that GTFP has spatial autocorrelation. In addition, [image: image] represents GTFP; [image: image]; [image: image]; [image: image] is the spatial weight matrix (0–1), which is represented by “queen” contiguity matrices:
[image: image]
Based on Formula 3, we test the spatial autocorrelation of GTFPs of 284 cities from 2006 to 2017. The results are shown in Table 1. The results show that all of Moran’s indexes are positive and pass the significance test of 1%, suggesting GTFP has significant spatial autocorrelation. In other words, the GTFP will be affected by green development in neighboring cities. To show the spatial autocorrelation of GTFP visually, we draw the Moran scatter plot. However, due to space limitations, we chose the beginning and ending years of the sample for presentation (Figure 4). From Figure 4, we can see that most of the values in the first and third quadrants further imply that GTFP has positive spatial autocorrelation.
TABLE 1 | Global correlation test-Moran index of GTFP.
[image: Table 1][image: Figure 4]FIGURE 4 | Scatter plot of the Moran index of GTFP in 2006 and 2017.
5 RESEARCH DESIGN
5.1 Method
Existing studies have taken the opening of HSR as a quasi-natural experiment and used the DID model to deal with the endogeneity problems between transportation infrastructure and economic factors (Ke et al., 2017; Guo et al., 2020). However, there is a spatial correlation for GTFP between treatments and the other units, and this leads to a violation of Stable Unit Treatment Value Assumption (SUTVA). Thus, the classical DID model will fail to obtain consistent estimators for HSR and GTFP. Therefore, to accurately assess the impact of HSR on GTFP, we follow Chagas et al. (2016) and construct an SDID model. Depending on the spatial term, the spatial econometric model can be set in various forms. The spatial Durbin model (SDM) is more general because it contains spatial lag terms for both dependent and independent variables. Thus, this study adopts the SDM model to construct the SDID model to evaluate the effects of HSR on GTFP:
[image: image]
where [image: image] is GTFP and [image: image] is a dummy variable. When city [image: image] is connected with HSR in year [image: image], the value of [image: image] is 1, while it is 0 otherwise. Moreover, [image: image] stands for a vector of control variables used. Subscripts [image: image] and [image: image] represent city and time, respectively. [image: image] is the time-fixed effect; [image: image] is the city-fixed effect, and [image: image] is the random disturbance term. In this model, we regard the opening of HSR stops as a quasi-natural experiment, so the DID method fits this research. However, there is a spatial relationship between the GTFP and neighboring cities. Thus, ignoring the spatial factors to measure the effects of HSR on GTFP will result in an inaccurate conclusion. Thus, we refer to the study of Chagas et al. (2016) and add the spatial weight [image: image] to the classic DID model to construct the SDID model, where [image: image] is an [image: image] matrix among the cross-sectional units. Compared with the classic DID model, the advantage of the SDID model is that it not only measures the effect of the opening of HSR on the experimental group but also measures the effect on the surrounding cities, which can comprehensively analyze the effect of policy implementation (Chagas et al., 2016).
5.2 Variable Specification
In this study, the dependent variable is GTFP, which we calculated in Section 4. The core-independent variable we focus on is [image: image], which is a dummy variable. When a city is connected with HSR in year [image: image], the value of [image: image] is 1; while those cities that do not have HSR stops in year or the year before [image: image] had a value of 0. If the HSR opened before June 30th in the year [image: image], we record it as an HSR-served city in year [image: image]; otherwise, we record it as an HSR-served city in year [image: image].
To avoid estimation errors caused by missing variables, we also control some variables that could affect the urban GTFP. Urban openness ([image: image]) is measured by the proportion of foreign direct investment (FDI) in GDP; population density ([image: image]) is determined as the ratio of urban population to an urban area; human capital ([image: image]) is measured by the ratio of college students to the local population; and investment in science and technology innovation ([image: image]) is measured by the ratio of R & D investment to fiscal expenditure (results in Table 2).
TABLE 2 | Variable definitions and descriptive statistics.
[image: Table 2]5.3 Data
We used prefecture cities as the research sample in this study. Two main sources of data were used for empirical analysis. HSR data were manually collected from the China Railway Customer Service Website (www.12306.cn), China Railway’s official operation service website. The other data were collected from China City Statistical Yearbook (2007–2018). It should be noted that to ensure the completeness of the sample information of the core variables and robustness of estimation results, cities with missing mass core variables were excluded. We finally selected 284 cities as the research sample. To test the parallel trend, we chose the first two years of the opening time of the first HSR as the starting year. At the same time, to balance the sample size between the experimental group and the control group, the time span of this study was 2006–2017.
6 RESULTS
6.1 Model Test
Although the spatial autocorrelation analysis of GTFP in Section 4.4 shows that GTFP has a significant spatial correlation, this is not enough to justify the use of a spatial econometric model to measure the effects of HSR on GTFP is effective. Thus, following Elhorst et al. (2012) and Anselin et al. (1996), this study adopts Lagrange Multiplier (LM) to test whether our data fit the spatial econometric model (results in Table 3). The test results of LM in Table 3 show that the spatial econometric model used in this study is suitable. However, further tests are still needed to verify whether the SDM model is suitable for this study.
TABLE 3 | Estimation results of HSR without spatial distribution.
[image: Table 3]In this study, we use the Wald test and LR test to establish the specific model (results in Table 4). The results of the Wald and LR test in Table 4 pass the significance test of 1%, rejecting the null hypothesis that the SDM model can be simplified to the SAR or SEM model. So, the SDM model is the best choice for this study. Hence, we finally chose the SDM-DID model with fixed effect to assess the effect of HSR on GTFP.
TABLE 4 | Regression results of HSR on GTFP.
[image: Table 4]6.2 Benchmark Regression Results
Table 4 reports the treatment effect of HSR on GTFP from Formula 5. The results in column 1) are based on the classical DID model with city and year fixed effects, representing a baseline for comparing our results. The classical DID model indicates that the opening of HSR increases GTFP by 0.04, which is significant at 1%. This conclusion also suggests that HSR can promote green development. The results of the regression are consistent with Hypothesis 1. Next, we report the results of the SDM-DID in column 4). The coefficient of [image: image] is 0.036, and it is significant at the 1% level; it is 12.5% lower than that of the classical DID model. This shows that the impact of HSR on GTFP has been overestimated by using the classical DID model. This is mainly because the GTFP is often affected by the green development of neighboring cities. The coefficient of [image: image] is 0.011, which suggests that the opening of HSR will promote GTFP for neighboring cities. However, the result for this coefficient was not significant. Since the coefficient of [image: image] measures the effect of HSR on the green development of neighboring HSR-serviced and non–HSR-serviced cities, there may be completely opposite spatial spillover effects for different groups, with the result that the average effect is not significant. In addition, we used the SAR-DID model and SEM-DID model as a robustness test to reassess the effects of HSR on GTFP, and the results are shown in columns 2) and 3), respectively. The coefficients of [image: image] in columns 2) and 3) are both positive and significant at the 5% level, suggesting that the effects of HSR on GTFP are robust.
Based on SDM-DID and SAR-DID, the direct effect, indirect effect, and total effect are shown in Table 5. The direct effect of [image: image] is 0.036, and this is significant at a 5% level; this result suggests that the opening of HSR can promote local green development. The main reasons for this may be that after the opening of HSR, convenient transportation infrastructure can shorten commuting time with other HSR-served cities, attract people with high technical ability, and improve urban economic efficiency. However, we found no significant indirect effect on GTFP from the opening of HSR. The possible reason for this is that the opening of HSR has a significant promoting effect on the GTFP for neighboring HSR-served cities, whereas there may be a siphoning effect for non–HSR-served cities to inhibit the growth of GTFP. However, the spatial spillover effect of HSR opening on GTFP that we are currently discussing is an average effect on surrounding HSR-served and non–HSR-served cities. It is not yet possible to distinguish between the two groups (HSR-served cities and non–HSR-served cities). We will continue to discuss this topic in subsequent sections.
TABLE 5 | Direct, indirect, and total effects of HSR on GTFP based on the SDM-DID and SAR-DID model.
[image: Table 5]6.3 Robustness Check
To verify the reliability of our regression results, several robustness tests are also conducted.
6.3.1 Alternative Model or Spatial Weight Matrix
First, we changed the setting form of the SDID model. Although we have confirmed that these models are not the most effective setting form, as a robustness test, they can still provide a reference for our results. The SAR-DID model, SEM-DID model, and SLX-DID3 model were used to examine the relationship between HSR and GTFP. The results of the SAR-DID model and SEM-DID model are shown in Columns 2) and 3) of Table 4, respectively. The results of the SLX-DID model are shown in Column 1) of Table 6.
TABLE 6 | Results of robustness checks.
[image: Table 6]Second, this study uses a geographic distance weight matrix to replace the queen matrix. Affected by the cost of transportation, when the distance between the two cities is reduced, the frequency of interaction between them will be higher. Therefore, the economic activities between cities will decrease as the geographical distance increases. We used the reciprocal of the distance between two cities to reflect this spatial relationship. We set the geographic distance weight matrix as follows:
[image: image]
where [image: image] represents the distance between city [image: image] and [image: image]. Column 2) in Table 6 reports the results of the SDM-DID model with the geographic distance weight matrix. From the results, we can see that the coefficient of [image: image] is significantly positive, showing that our results are robust.
6.3.2 Endogeneity
In this research, we added as many control variables as possible to reduce the bias of the estimated results. However, omitting the unobserved factors that affect both the opening of HSR and GTFP leads to serious endogeneity problems. Moreover, the economically developed eastern regions have denser HSR networks. Thus, there may be a bidirectional causal relationship between HSR and GTFP. We adopted an exogenous instrumental variable (IV) model to eliminate endogenous problems and estimate the effects of HSR on GTFP.
The cost of HSR construction is related to terrain factors. Generally, the construction costs in plain areas are lower than those in mountainous and hilly areas. Thus, we used the urban geographic slope as an instrumental variable for HSR. For econometric models with endogenous variables, the two-stage least square (2SLS) method is most commonly applied for estimating the coefficient of endogenous variables (Wooldridge, 2009). However, in this study, [image: image] is a dummy variable with a value of 0 or 1. Therefore, in the first stage, the ordinary least squares (OLS) method is not applicable to our data. We adopted the panel Probit method to estimate the relationship between the urban geographic slope ([image: image]) and [image: image] (result in Column 3 of Table 6), where we obtain the fitted values of HSR ([image: image]). Then, in the second stage, we used the [image: image] in place of [image: image] to apply the SDM-DID model.
As shown in Column 3) of Table 6, the regression results of the first stage suggest that the coefficient of [image: image] (−0.0917***) is significantly negative. The IV estimation results show that the effect of HSR on GTFP is robust.
6.3.3 Parallel Trend Test
HSR-served cities had a parallel trend with non–HSR-served cities before the opening of HSR, which is the basic condition for ensuring the effectiveness of the DID model. In our study, a spatial weight matrix has been introduced to comprehensively evaluate the impact of HSR on GTFP; however, if there is no parallel trend for GTFP, we still cannot draw robust conclusions. Therefore, parallel trend testing is necessary for this study. The opening of HSR is a multi-stage experiment. For GTFP, we need to test whether there is a systematic difference between HSR-served and non–HSR-served cities. When there is no systematic difference, or even if there is a difference and the difference is fixed, the GTFP in HSR-served and non–HSR-served cities has a parallel trend. In this article, the event analysis method will be used to test whether there is a parallel trend. The following model, proposed by Beck et al. (2010), provides us with a way to test this issue:
[image: image]
where [image: image] is a dummy variable and its assignment is the same as mentioned above. The specific settings of [image: image] are as follows: using [image: image] to represent the specific year of HSR opening in city [image: image], if [image: image], we define [image: image], and otherwise [image: image]; if [image: image], we define [image: image], and otherwise [image: image]; and if [image: image] and [image: image], we define [image: image], and otherwise [image: image]. To avoid the multicollinearity problem, we drop the dummy variable that [image: image] and take the opening year of HSR as the based period. If [image: image] and the coefficients of [image: image] are both statistically insignificant, it suggests that the parallel trend assumption cannot be rejected. To intuitively test the parallel trend assumptions and reflect the dynamic impact of HSR on GTFP, Figure 5 plots the results. As shown in Figure 5, the coefficients of [image: image] are insignificant for all years before opening, showing that the GTFP has a parallel trend between HSR-served and non–HSR-served cities before HSR opening.
[image: Figure 5]FIGURE 5 | Results of the parallel trend test. Note: The dashed lines represent 95% confidence intervals.
6.4 Mechanism Test
The opening of HSR has a significant positive effect on GTFP, but how does HSR act on GTFP? We try to explore the mechanism of HSR on GTFP from the perspective of urban innovation and urban entrepreneurial vitality.
6.4.1 High-Speed Rail and Urban Innovation
The improvement of scientific and technological levels is an important means to realize energy saving and emission reduction. Green patents refer to inventions, utility models, and design patents with the theme of green technologies that are conducive to saving resources, improving energy efficiency, and preventing and controlling pollution. In this study, we use the green invention patent as a measure of urban innovation ([image: image]).
Table 7 reports the results. The coefficient of [image: image] in Column 1) is positive and significant at the 1% level, showing that the opening of HSR could improve urban innovation. Moreover, the coefficient for [image: image] is significantly positive, suggesting that green innovation can promote urban green development. However, in Column 3), the coefficient of [image: image] for GTFP is only significant at the 10% level, whereas the [image: image] remains are significantly positive at the 1% level, suggesting that there is a completely mediating effect for HSR to GTFP. China’s early development model followed a “pollute first, treat later” path, resulting in economic growth and environmental pollution going hand-in-hand. In order to effectively curb the deteriorating ecological environment, China has implemented many environmental regulations and policies, such as the Environmental Protection Law of the People’s Republic of China, which strictly regulates the environmental pollution behavior of enterprises and citizens. Green innovation is an innovation activity aimed at resource conservation, energy efficiency, and pollution reduction, while positively contributing to the improvement of GTFP. The results confirmed Hypothesis 3.
TABLE 7 | HSR, urban innovation, and GTFP.
[image: Table 7]6.4.2 High-Speed Rail and Urban Entrepreneurial Vitality
A city with entrepreneurial vitality tends to have more entrepreneurial activities. Entrepreneurial activities can accelerate the R & D of new technology; accelerate the generation of new enterprises and new industries, especially low-pollution industries with competitive advantages; promote market competition and resource integration; and thus improve GTFP. Therefore, we use urban innovation vitality ([image: image]) as the mediating variable to test whether the opening of HSR affects GTFP. Using the number of self-employed people to measure urban entrepreneurial vitality is an ideal indicator. However, due to the availability of data, in this study, we adopt the ratio of urban individuals and private economic practitioners to the total urban population to represent urban innovation vitality. The regression results are shown in Table 8. Column 1) reports the regression results of HSR on urban innovation vitality using the classical DID model. The coefficient of [image: image] is positive and statistically significant (0.0381***), suggesting that the opening of HSR could improve urban entrepreneurial vitality. Column 2) reports the regression results of urban innovation vitality on GTFP using the SDID model. We can find that the coefficients of [image: image] and W* [image: image] are positive and statistically significant (0.0980** and 0.3469***, respectively), indicating that urban innovation vitality can, indeed, improve GTFP. Moreover, in Column 3), we added both [image: image] and [image: image] to the SDID model. However, the coefficient of [image: image] for GTFP does not pass the 5% significance level test; the [image: image] remains significantly positive at the 1% level, suggesting there is a completely mediating effect for HSR on GTFP. The construction of HSR can restructure the urban industrial landscape and provide a good market environment for the birth of new enterprises. It increases market vitality and creates a situation of innovation and entrepreneurship. The increase in the number of entrepreneurs strengthens market competition. In addition, the competitive market mechanisms can guide enterprises to improve production technology and clean technology, which ultimately increases GTFP. The results support Hypothesis 4.
TABLE 8 | HSR, urban entrepreneurial vitality, and GTFP.
[image: Table 8]7 FURTHER ANALYSIS
In Formula 5, the coefficient [image: image] is an average effect of HSR on neighboring city GTFP (Chagas et al., 2016). In other words, it is an average effect of HSR on neighboring HSR-served and non–HSR-served cities. This could not reflect the difference in the spatial spillover effect of HSR on different groups. Therefore, this study used the method developed by Chagas, et al. (2016) to decompose the estimated coefficient of [image: image]. It should be noted that in this article, the decomposition of spatial effects is the impact of HSR on neighboring HSR-served and non–HSR-served cities, which is not the direct or indirect effects mentioned by LeSage and Pace (2010). The following model was constructed to decompose the effects of HSR on neighboring cities4.
[image: image]
where [image: image] is an [image: image] matrix formed by all urban GTFP at time [image: image]; [image: image], and if d-city is an HSR-served city, the value of d is 1, while it is 0 otherwise. In addition, [image: image] represents the spatial spillover effect of HSR on neighboring HSR-served cities, whereas [image: image] represents another spatial spillover effect, measuring the effect of HSR on neighboring non–HSR-served cities. Finally, [image: image] is the weight matrix that represents the neighborhood effects of HSR-served cities on HSR-served cities, whereas [image: image] represents the neighborhood effects of HSR-served cities on non–HSR-served cities.
Table 9 reports the results. The coefficient of [image: image] in Column 1) discloses the spatial spillover effects of HSR on neighboring HSR-serviced cities. The coefficient is positive and passes the significance test at the 1% level (0.007***), suggesting that the opening of HSR will promote GTFP for neighboring HSR-serviced cities. This implies the correctness of Hypothesis 2a, a result that can be explained as follows. When two adjacent cities are connected by HSR, the travel time between the two places will be shortened, which will promote resident willingness to travel to neighboring HSR-serviced cities, especially when the residents have high skills. Hence, the opening of HSR reduces barriers to knowledge spillover and accelerates labor market mobility between neighboring HSR-serviced cities.
TABLE 9 | Results of HSR on treated and untreated groups.
[image: Table 9]In terms of the coefficient of [image: image], the estimation result is negative and significant at the 5% level (-0.032**) in Column 1). This verifies Hypothesis 2b that HSR has negative effects on GTFP for neighboring non–HSR-served cities. This finding can be explained as follows. First, as a quick and convenient means of transport, HSR has become the first choice for young people to travel. Thus, HSR will be a key element affecting young people’s choice of employment destinations, making them more willing to choose HSR-served cities. This will lead to the loss of labor in non–HSR-served cities, which is unfavorable for the GDP. Second, HSR-served cities will attract investors via a variety of incentives to enhance their urban influence. Thus, less investment will flow into non–HSR-served cities. In addition, the opening of HSR in neighboring cities will deprive the geographic center position for non–HSR-served cities, which will accelerate the outflow of industries. Therefore, labor loss and industrial relocation have negative effects on GTFP.
In summary, the opening of HSR can promote GTFP. Meanwhile, HSR can affect the green development of neighboring cities via spatial spillover effects. Specifically, HSR promotes GTFP in neighboring HSR-served cities, whereas the impact on neighboring non–HSR-served cities is just the opposite. This can reasonably explain why cities go head-to-head in competition for HSR stops, as mentioned in the introduction. When a city becomes the winner in the HSR competition, it not only means that it can get convenient transportation, but it also means that through HSR, this city can achieve green development. However, the losers in the HSR competition may face more serious consequences; that is, the GTFP will not continue the previous growth trend or even face the risk of recession.
8 CONCLUSION
China’s first HSR opened in 2008, marking the country’s entry into the HSR era. HSR projects have achieved rapid development in China, and their status in social and economic development has become increasingly outstanding. HSR has also become the main resource for competition among local governments. However, the environmental costs brought about by the development of HSR have also become a focus of attention. Existing research on HSR has achieved substantial achievements in the fields of labor market, technological innovation, and housing prices. In contrast, the impact on GTFP has received little scholastic attention. In light of the lack of research on GTFP, this study considered the opening of HSR at different times and in different cities as a quasi-natural experiment while considering spatial spillover effects of HSR on economic development; moreover, it introduced a frontier approach to the SDID model to measure the net effects of HSR on GTFP.
First, we used the SBM-DDF-SML index to calculate the GTFPs of 284 cities in China. We further tested the spatial autocorrelation of urban GTFP year by year. The results show that the GTFP in China has a strong spatial autocorrelation. In other words, green development will be affected by neighboring cities. Second, this study used the SDM-DID model to estimate the effects of HSR on GTFP. Specifically, the results suggest that the opening of HSR could significantly promote GTFP. In addition, there is a statistically insignificant spatial spillover effect on neighboring cities. In light of this result, we conducted further analysis and found that there was a spatially heterogeneous effect of HSR on GTFP. It was found that the opening of HSR could promote neighboring HSR-served cities’ GTFP, which means there is a positive spillover effect between cities connected by HSR. However, HSR has a negative effect on neighboring non–HSR-served cities, mainly because the siphoning effects of HSR-served cities on non–HSR-served cities are greater than their spillover effects. The mechanism test suggested that HSR can influence GTFP by promoting urban green innovation and entrepreneurial vitality. Third, the government needs to invest a lot of labor and financial resources to construct HSR and other infrastructure. However, most HSRs in China are operating at a loss. As a novel public good provided by the government, the main goal of HSR is to maximize social welfare; it does not necessarily need to be profitable. Therefore, effective evaluation of the welfare effects of HSR has important practical significance. However, the welfare effects of HSR include not only economic but also public welfare effects, such as environment and health. From the perspective of environmental welfare, this article provided evidence that the opening of HSR brings additional benefits. On the whole, HSR can promote the improvement of GTFP; however, HSR seems to be unfair to non–HSR-served cities because it will hinder the green development of these cities.
Based on these findings outlined above, the study holds that as one of the most important infrastructures in the new era, HSR has accelerated the cross-regional flow of labor, logistics, and information, and it has played a positive role in improving energy efficiency and optimizing industrial structure. In this context, China may roll out various policies to support the construction of HSR as follows: 1) HSR could promote GTFP for HSR-served cities; therefore, the government may promote the construction of HSR and continuously increase the density of HSR networks. Moreover, the government can accelerate the construction of supporting infrastructure around HSR stations to truly build a green transportation system with zero-distance interchanges and seamless connections. 2) The opening of HSR can promote GTFP in neighboring HSR-served cities. Therefore, the government may strengthen the construction of urban agglomerations and implement prevention and control mechanisms for environmental pollution. Meanwhile, HSR-served cities can consider their positioning and industrial division of labor from the perspective of urban agglomeration. On the one hand, HSR-served cities can strengthen their efforts to undertake international high-end industries. On the other hand, HSR-served cities can support neighboring cities through industrial transfer, improving the competitiveness of urban agglomeration. 3) The opening of HSR has a negative effect on GTFP for neighboring non–HSR-served cities. Thus, non–HSR-served cities may take the initiative to undertake the quality transfer industries of regional central cities and make maximum use of the “spillover effect” by HSR. Then, non–HSR-served cities can form a differentiated development pattern from central cities. 4) Finally, HSR promotes GTFP by increasing green innovation and entrepreneurial vitality. The government can encourage enterprises to carry out green innovation through policy subsidies. In addition, the public sector may create an innovative and entrepreneurial urban environment to stimulate the innovative vitality of human capital. Ultimately, the implementation of these strategies can optimize the layout of HSR and help build an integrated HSR network in China.
Though, the study is not without limitations as it only focuses on a single country. In addition, it took a lot of time to collect the data, and the available sample size allows for a good experimental study, though it only covers the period 2006–2017. It will be interesting to see if other important and innovative variables such as the internet of things (IoT) and digital transformation can better explain this relationship. In addition, it would be interesting to analyze the impact of different transportation infrastructures, such as highways, urban rail, and air transportation, on GTFP. In the future, researchers should consider the long-term impact of HSR and the logistics and transportation of China’s HSR. They can also study the different ways of developed and developing countries’ implementation to achieve sustainable development.
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FOOTNOTES
1“4 + 4” indicates four lines running north–south (verticals) and four lines running east–west (horizontals), while “8 + 8” indicates eight lines running north–south (verticals) and eight lines running east–west (horizontals).
2Data from: China Statistical Yearbook.
3In this study, the SLX-DID model is set as [image: image].
4To decompose the spatial effect of HSR on GTFP, we need to decompose the spatial weight matrix. Thus, [image: image], where [image: image], [image: image], [image: image], and [image: image], where [image: image] is an [image: image] matrix with 1 in main diagonal if the city is an HSR-served city at time t, 0 otherwise, and 0 elsewhere; [image: image] is an [image: image] matrix with 0 in main diagonal if the city is a HSR-served city at time t, 1 otherwise, and 0 elsewhere. In this way [image: image] represents the neighborhood effects of the j-region on i-region, i, j = T (treated) or NT (untreated). Hence the full expression is [image: image], where [image: image] is an [image: image] matrix with 1 if the city is a HSR-served city in region [image: image] at time [image: image], and 0 otherwise. However, [image: image] and [image: image] are 0-vectors. So, the full expression can be simplified by Formula 8. Chagas et al. (2016) has demonstrated this in detail.
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