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High-Speed Rail and Urban Green Productivity: The Mediating Role of  Climatic 1 

conditions in China  2 

 3 

Abstract 4 

 5 

Climate change has become a global challenge to the economy and society, highlighting 6 

the urgent need for effective policy interventions. Green total factor productivity (GTFP) 7 

is a sine qua non for an environmental-friendly and sustainable economy. Therefore, this 8 

study investigates the causal relationship between the High-Speed Rail (HSR) and GTFP 9 

in a panel of  277 Chinese prefecture-level cities observed from 2003 to 2016. Using the 10 

Difference-in-Differences (DiD) approach, we demonstrate that the HSR opening has 11 

significantly increased urban GTFP. Furthermore, we explore the channels of  the observed 12 

positive relationship between the HSR opening and urban GTFP. Specifically, we shed light 13 

on the mediating role of  climatic conditions, air pollution, and factor agglomeration in the 14 

relationship between the HSR opening and GTFP. The results show that climatic 15 

conditions significantly mediate this relationship. HSR opening leads to lower pollution 16 

and more favourable climatic conditions. Improved climatic conditions drive talent 17 

gathering, investment gathering, and green technology concentration, which translate into 18 

higher GTFP. Government policies that create favourable climatic conditions to attract 19 

green investments in human and physical capital and stimulate green innovations can 20 

translate into higher GTFP. 21 

 22 

Keywords: High-Speed Rail, Urban Green Total Factor Productivity, Climatic conditions, 23 

Air Pollution, Factor Agglomeration, China 24 

 25 

1. Introduction 26 

The expansion of  eco-development and industrialisation worldwide strains the 27 

environment, triggering adverse environmental changes, and impairing the ecosystem. In 28 

the last 35 years, China has witnessed unprecedented growth, with an average annual 29 

growth rate of  9.8% (National Bureau of  Statistics China, 2016). China’s progress is 30 

primarily contingent on inputs and investment; a large portion of  its growth relies on the 31 

industrial sector, making it the growth engine of  the world economy (Azman-Saini, et al., 32 

2010). However, its hasty development has triggered resource exhaustion and 33 

environmental degradation. Due to rapidly worsening environmental issues, the Chinese 34 

economy has focused on mitigating such hazards by gradually shifting from ‘high-speed 35 

progress’ to ‘high-quality development’ initiatives, which are prerequisites for the 36 
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economy’s long-term growth (Wen et al., 2021; Razzaq et al. 2022). 37 

High industrial productivity and efficient resource utilisation are the key pillars of  China’s 38 

green and sustainable growth strategy (Luo et al., 2019). The Chinese industry faces 39 

challenges and competition driven by worldwide green industrial innovation. In this light, 40 

the country needs a sustainable development model that uses resources efficiently and 41 

improves the environment while enhancing industrial competitiveness (Irfan et al., 2022). 42 

The concept of  ‘green growth’ is a short-term strategy to accomplish the 8th goal of  the 43 

Sustainable Development Goals (Hille et al., 2019; Suparjo et al., 2021). China strongly 44 

endorses a pollution-free green economy and has become an ‘ecological civilisation’ in 45 

recent years. In July 2016, under the ‘13th Five-Year Plan’, China delivered the 'industrial 46 

green development plan (2016–2020)’, a guideline for green industrial development. China 47 

has made tremendous improvements in green technology development (Li & Lin, 2017; 48 

Wang & Li, 2020; Zhu et al., 2021). It has a leading edge in green technology growth, 49 

notably in the areas of  water disposal and wastewater treatment, photovoltaic solar (PV) 50 

energy, illumination, chemical entities for synthetic drugs or pharmaceuticals, hybrid cars, 51 

and other technologies used in infrastructure development (Wang & Li, 2020; Zhu et al., 52 

2021). GTFP, also known as green technology innovation (GTI) (Yang et al., 2021), 53 

combines resource consumption (natural inputs) and ecological pollution (unwanted 54 

output) into the conventional Total Factor Productivity (TFP) concept in the context of  55 

green and sustainable production. Concretely, GTFP relates to environment-friendly 56 

innovative technologies for processes and products, considering the economic benefits 57 

induced by technological innovation and the environmental profits of  clean energy and 58 

reduced emissions (Zhang et al., 2016; Gozgor, 2016,2018). It pursues a ‘win-win’ 59 

development and growth model for the environment and economy (Guo et al., 2018; Lin 60 

and Ma, 2022). 61 

One of  the critical drivers of  high-quality, sustainable development in China is the growing 62 

investment in transportation infrastructure, such as the High-Speed Rail (HSR), which was 63 
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put into operation in 2008.1 The HSR facilitates the flow of  capital, information, talent 64 

(skilled labour), and technology, which boosts production factors’ geographical mobility. 65 

Between 2008 and 2018, the number of  prefecture-level cities grew from 57 to 215. 66 

Similarly, by the end of  2018, 92 HSR lines were fully operational, with an improved 67 

mileage of  approximately 30,000 km. In line with the ‘13th Five-year Railway Development 68 

Plan’, the HSR network is estimated to further expand a further 3,700 km, reaching a total 69 

of  38,000 km by 2025, linking each provincial capital city to other medium-sized and large 70 

cities, and covering a population of  approximately 500,000. Our study examines the impact 71 

of  an HSR opening on GTFP in prefecture-level cities and strives to explore the channels 72 

of  the HSR opening-GTFP nexus.  73 

Not does investment in transportation infrastructure only drive sustainable economic 74 

development, but it also boosts firm productivity and efficiency (Zou et al., 2021), 75 

promotes economic growth (Donaldson & Hornbeck, 2016; Banerjee et al., 2020), 76 

increases regional trade integration and boosts national income through spillover effects 77 

(Boarnet, 1998). It also accelerates the flow of  goods, capital, and talent between cities (Li 78 

& Chan, 2021) and improves labour allocation through mobility (Chen et al., 2021), 79 

stimulates urban employment growth, and increases the degree of  specialisation (Zou et 80 

al., 2021). The expansion of  the HSR network has reduced income inequalities across 81 

regions, fostering regional economic integration in China (Fu et al., 2012). Furthermore, 82 

the HSR enhances labour productivity and economic efficiency within the HSR corridor 83 

and between station areas (Carbo et al., 2019). The rapid development of  China’s HSR has 84 

reduced commuting times, increased travel efficacy, and improved economic and personnel 85 

communication between cities and regions. 86 

Traditional transportation infrastructure deteriorates climatic conditions by increasing 87 

hazardous emissions. Thus, reducing transportation emissions is paramount to mitigating 88 

climate change. Modern transportation, such as the HSR, cuts vehicle emissions by one-89 

                                                   

1 The International Union of  Railways defines the HSR as a railway whose current lines are renovated and 

reach a speed of  up to 200 km/h, or whose newly built lines can reach a speed of  more than 250 km/h. 



 

4 

 

third (Wolfram & Lutsey, 2016). Reducing harmful emissions in the atmosphere improves 90 

the climate (temperature and sunshine duration) and mediates an increase in GTFP. 91 

Favourable climatic conditions support agriculture, manufacturing, and industrial 92 

production and help to enhance productivity. By contrast, variability in short-term 93 

(particularly drought) and long-term climatic conditions have adverse effects on 94 

agricultural productivity (Burke and Emerick, 2016; Hughes & Lawson, 2017; Chambers 95 

et al., 2020; Njuki et al., 2020; Donadelli et al., 2021). Although the degree to which a 96 

decline in the volume of  road traffic resulting from the opening of  new HSR routes 97 

mitigates climatic conditions is uncertain, low carbonisation in the transport infrastructure 98 

is critical to any pollution mitigation strategy. The International Energy Agency (IEA) 99 

estimates that between 2000 and 2018, the transport infrastructure only accounted for 100 

approximately 24% of  global CO2 emissions, which grew over time, contributing to climate 101 

change. An astounding 96% of  final global energy consumption related to transportation–102 

by rail, road, water, and air–is fossil-fuel based (China Communications & Transportation 103 

Association). Therefore, the HSR opening may significantly reduce air pollution (Lin et al., 104 

2021). 105 

The CO2 mitigating effect stems primarily from the integration of  HSR transportation 106 

with the conventional railway system, which consumes more energy and time. The HSR 107 

helps to alleviate these issues, improving climatic conditions and productivity. In general, 108 

green innovations drive long-term productivity and sustainable growth, and thus may be 109 

considered a crucial sustainability factor (Rezende et al., 2019; Aldieri et al., 2020; 110 

Cunningham and Kwakkel, 2011). However, the relationship between the HSR and GTFP 111 

has escaped academic scrutiny. To the best of  our knowledge, this study is the first to 112 

address the HSR opening-GTFP nexus. Our main academic contribution is to demystify 113 

the mechanism that drives the impact of  the HSR opening on GTFP. Also, research into 114 

whether and, if  so, how the HSR influences GTFP informs sustainable growth policies 115 

and strategies. 116 

This study addresses the following research questions. First, has the opening of  the HSR 117 

promoted GTFP growth in China? Second, does air pollution drive the relation between 118 
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the HSR opening and GTFP? Third, do climatic conditions (temperature, humidity, and 119 

sunshine duration) significantly mediate the relationship between the HSR opening and 120 

GTFP? Fourth, what is the role of  factor agglomeration in mediating the relationship 121 

between the HSR opening and GTFP? 122 

Our research shows that the mechanism that drives the relation between the HSR opening 123 

and GTFP is multifaceted. Our contribution is five-fold. Our first contribution is to study 124 

whether and, if  so, how the HSR opening influences GTFP. By scrutinising the effect of  125 

the HSR opening on GTFP, we add to the literature on the determinants of  GTFP. Our 126 

second contribution is to examine if  lower air pollution can mediate the relation between 127 

the HSR opening on GTFP. In this regard, our research varies from Zhang & Song (2002), 128 

who seek to ascertain if  tax rebates for energy conservation and environmental protection 129 

can lead to superior economic and environmental performance through improved TFP. 130 

Our third contribution is to ascertain if  favourable climatic conditions (temperature and 131 

sunshine duration) can mediate the effect of  the HSR opening on GTFP. Fourth, 132 

differently from Song et al. (2022), who explore the role of  environmental regulation in 133 

stimulating green innovation and TFP, we scrutinise the effects of  climatic conditions 134 

induced by the HSR network expansion on factor agglomeration (i.e., green technology 135 

concentration, talent gathering, and investment gathering) and GTFP. Our fifth 136 

contribution is to shed light on the multidimensional and heterogeneous impact of  the 137 

HSR on GTFP. Taken together, our study adds considerable value to the body of  research 138 

into the green and sustainable growth effects of  the HSR in China, which provides 139 

meaningful policy implications and strategic considerations for the Chinese government. 140 

Our sample consists of  277 prefecture-level cities observed from 2003 to 2016. We employ 141 

a Difference-in-Differences (DID) approach to investigate whether the HSR network 142 

expansion has a significant association with GTFP. We construct the Global Malmquist-143 

Luenberger (GML) index for measuring GTFP in China. Our results are as follows. First, 144 

our results show that the HSR opening exerts a positive effect on GTFP. Second, we find 145 

that climatic conditions significantly mediate the relationship between the HSR opening 146 

and GTFP. Third, a more granular analysis demonstrates that the HSR network expansion 147 



 

6 

 

is instrumental in lower air pollution, which translates into more favourable climatic 148 

conditions. Fourth, our study demonstrates that the improved climatic conditions stimulate 149 

factor agglomeration (talent gathering, investment gathering, and green technology 150 

concentration), which leads to higher GTFP. This finding partly echoes Yu (2022), who 151 

documents a positive association between Internet development and industrial GTFP. 152 

Further, when the HSR opening indicator is replaced with the city’s network connection 153 

breadth and network centrality measures, the mediation effects of  climatic conditions 154 

remain qualitatively intact.     155 

This paper is organised as follows. Section 2 provides an exhaustive review of  the related 156 

literature to support our research argument. In this section, we also outline the hypotheses. 157 

In Section 3, we lay out the methodology. In Section 4 we present and discuss our research 158 

findings. In Section 5, we conclude. 159 

2. Literature Review and Hypothesis Development 160 

Studies typically use labour, capital, and output to measure total factor productivity (TFP) 161 

(Chen, 2011; Wu et al., 2017). However, the traditional TFP measure fails to reflect 162 

environmental restraints. Unlike TFP, GTFP accounts for the ecological component that 163 

includes undesirable outputs in the model (Emrouznejad & Yang, 2018). For instance, 164 

Kumar (2006) and Mahlberg and Sahoo (2011) include CO2 emissions into the TFP model 165 

and examine GTFP for various countries. Likewise, Zhang et al. (2011) incorporate 166 

different undesirable environmental outputs in TFP to measure GTFP in various provinces 167 

of  China. GTFP is measured employing parametric and non-parametric approaches. A 168 

parametric approach (Li et al., 2017) is simple but requires advanced functional form 169 

assumptions. Non-parametric approaches comprise data envelopment analysis (Chen et al., 170 

2015), the Malmquist index (Greer, 2008), the directional distance function (Chung et al., 171 

1997), the Malmquist-Luenberger (ML) index, and the Slack-Based measure (SBM) (Li and 172 

Tao, 2011; Li et al., 2013). These approaches do not entail a functional form and a decision-173 

making unit. An advantage of  the Global Malmquist-Luenberger (GML) index may avoid 174 

the possible linear programming infeasibility. 175 
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Technological progress in transportation (such as the HSR) has multidimensional effects 176 

on GTFP in different regions. Technological progress in the vehicle sector and technical 177 

gaps are the critical factors that stimulate GTFP (Feng & Huang, 2018), with 178 

heterogeneous impacts across regions. Labor-biased technical advancement can efficiently 179 

expand GTFP (Wang et al., 2018). Miao et al. (2020) specified that research and 180 

development (R&D) in green technologies enhances the productivity of  natural resource 181 

utilisation, profoundly affecting GTFP. 182 

The effect of  opening the HSR on the economy has attracted scholarly attention in recent 183 

times (Verma et al., 2013, Jia et al., 2017). Enhancing total productivity and better 184 

utilisation of  resources are primary elements of  China's green and sustainable growth 185 

strategy (Zhang et al., 2019). Carbo et al. (2019) evaluate the economic influence of  the 186 

HSR between Madrid and Barcelona. They show that the HSR enhances labour efficiency 187 

and increases total factor productivity and economic turnout in the HSR corridor. 188 

However, the HSR contributes to shifting economic activities from remote areas to urban 189 

centers, which results in unbalanced regional development and prevents the economic 190 

development of  non-central cities (Qin, 2017). 191 

Holl and Mariotti (2017) consider the effect of  Spanish superhighway development on the 192 

productivity of  metropolitan and rural logistics firms. They observe that transportation 193 

developments encourage growth of  urban logistics firms. While this is not the case for 194 

rural logistics firms, they boost economic activities, increase local population concentration, 195 

and affect firms’ productivity through agglomeration gains (Holl, 2016). Likewise, 196 

establishing a new road structure benefits labour productivity and TFP (Gibbons et al., 197 

2019). Nevertheless, very few studies have examined the association between the HSR and 198 

TFP, with special emphasis on GTFP (Wang et al., 2021; Wang et al., 2022). 199 

In China, TFP has remarkably improved after the HSR opening. In this regard, previous 200 

research examines the heterogeneity of  GTFP across different cities of  China. The causal 201 

relation of  the HSR to regional ecology unfolds via three channels. Firstly, HSR’s influence 202 

on the climate depends on life-cycle analysis (Chester & Horvath, 2010). Secondly, the 203 
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effect of  the HSR on the climate is related to other transportation modes and factors 204 

(energy consumption, transportation distance, capacity, noise, and land take) (Janic, 2003; 205 

Albalate & Bel, 2012). Thirdly, previous research has examined the effect of  the HSR on 206 

ecological pollution, such as carbon footprint, biodiversity, and industrial structure changes 207 

(Tsai, 2017; Cornet et al., 2018; Yang et al., 2019). 208 

Understanding the shifts from road to rail transportation is critical in gauging the impact 209 

of  HSR infrastructure on the environment and energy utilisation. However, few studies 210 

have explored the direct effects of  the HSR on road traffic, and scant research has been 211 

conducted on the associated environmental co-benefits. Extant studies have mostly 212 

emphasised the impact of  the HSR opening on local pollutants, and most of  them found 213 

significant adverse effects (Baron et al., 2011; Li et al., 2020; Zhu et al., 2020), while others 214 

did not find any significant effects (Chester & Horvath, 2010; Lin et al., 2019). Remarkably, 215 

the HSR’s impact on GTFP has not been previously examined by considering climatic 216 

conditions as a mediator.  217 

Our study aims to bridge several gaps in the literature. First, research that seeks to evaluate 218 

the impact of  the HSR on GTFP is limited. Our study provides new insights in this regard. 219 

Second, in the recent research stream exploring the relationship between transportation 220 

infrastructure and firm factor productivity, only a few studies have focused on the 221 

mediating effects of  the environment and climatic conditions considering the HSR-GTFP 222 

nexus. In addition, our research evaluates the mediating role of  the mobility of  production 223 

factors, such as factor agglomeration. 224 

The literature considers GTI as one of  the critical priorities of  the Chinese government 225 

in its national innovation strategy to fight the global environmental crisis (pollution, 226 

overpopulation, global warming, waste disposal, loss of  biodiversity, ocean acidification, 227 

deforestation, and ozone layer depletion). GTI is an essential area of  focus for China’s 228 

manufacturing sector to balance the need of  the society, economy, and environment. 229 

Improving GTI growth will help protect the environment while achieving social and 230 

economic advancement. 231 
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Transportation infrastructure is a pillar of  China’s regional modernisation system and 232 

network. Advanced transportation infrastructure helps achieve a developed and innovative 233 

network, improving accessibility (Fritsch & Slavtchev, 2011). The HSR features a broad-234 

regional span, high speed, and high density in an innovative and advanced transportation 235 

system. It is more rapid than the old rail and highway system and extensively uses the three-236 

level ‘China Train Control System (CTCS-3)’, which can achieve a maximum speed of  350 237 

km/h. In contrast, the maximum speed of  old trains does not exceed 250 km/h, and the 238 

maximum speed of  the highway is 120 km/h. The HSR primarily improves long-distance 239 

transportation. It operates between and across many cities. The HSR is a large-scale 240 

transportation infrastructure service that facilitates the flow of  information, capital, and 241 

labour among cities (Zhao et al., 2021). The HSR network promotes the movement of  242 

people, goods, knowledge, and information (production factors) between cities (Dong et 243 

al., 2020). Compared to traditional means of  transportation, the HSR directly affects the 244 

flow of  capital, improves the effectiveness of  labour allocation, and supports knowledge 245 

diffusion with profound economic consequences. Knowledge is the foundation of  246 

scientific and technical innovation, but distance may hinder it (Agrawal et al., 2017). The 247 

HSR facilitates the movement of  skilled workers between cities, providing new resources 248 

for innovation and expanding market size (Gao & Zheng, 2020). 249 

The impact of  the HSR on TFP primarily depends on the following aspects. Firstly, the 250 

opening of  the HSR strengthens economic bonding among cities by reducing travel time, 251 

decreasing costs, and enhancing productivity, ultimately promoting a sustainable economy 252 

(Yang et al., 2019). Secondly, it encourages the exchange of  innovation factors, supporting 253 

innovation and knowledge diffusion. Production factors carry and transmit knowledge 254 

between regions, inducing a knowledge acceleration path (Bian et al., 2019). 255 

HSR services boost mobility of  talent, skills, and innovation. By virtue of  lower travel 256 

costs associated with HSR and increased time value, the HSR breaks down obstacles to 257 

factor mobility instigated by low transportation connectivity (Chen & Haynes, 2017). This 258 

effect is more substantial for people with higher innovative abilities and skills (Huang & 259 

Wang, 2020). Compared to traditional production factors, a high-quality workforce is more 260 
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likely to export knowledge and technological innovations. Hence, this discussion 261 

crystallises into the following hypothesis: 262 

Hypothesis 1: Access to HSR services is associated with an increase in urban GTFP. 263 

The HSR exerts direct and indirect effects on climate (temperature, humidity, and sunshine 264 

duration). Firstly, as a clean and efficient transportation mode, which substitutes 265 

conventional vehicles and planes, the HSR has direct climatic consequences. It utilises less 266 

energy and produces less than half  of  the carbon and silicon emissions while carrying the 267 

same number of  commuters (Yang et al., 2019). Secondly, the HSR is more efficient and 268 

operates at higher speeds and densities than conventional rail transport (Chai et al., 2018). 269 

Consequently, the HSR can restructure regional economic growth by achieving time-space 270 

compression. It comprises a set of  processes that shorten relative distances between places 271 

(i.e., as measured in terms of  travel time or cost), with indirect ecological impacts on 272 

regional climate (Tsai, 2017; Jia et al., 2021). 273 

Temperatures have significantly risen in China during the past few years; therefore, 274 

productivity needs to account for such temperature increases (Xiao et al., 2016). Excessive 275 

use of  fertilisers and pesticides increases the temperature in agricultural countries such as 276 

China, adversely impacting the climate. However, with the help of  modern technologies 277 

and plastic film products, rainwater is used at its maximum, which limits temperature rises. 278 

For instance, Van den Besselaar et al. (2015) find that sunlight dimming (brightening) 279 

partially decreases (increases) the temperature, thus affect the greenhouse gas (GHG)-280 

induced warming. In turn, GTFP fluctuations are associated with climatic conditions. In 281 

this regard, Tao et al. (2006) argue that internal production factors and climatic factors 282 

drive fluctuations in GTFP. Similarly, advanced technological innovations, such as the HSR, 283 

may help to improve the climate, which enhances GTFP. Stable climatic conditions are a 284 

prerequisite for better productivity (Feng et al., 2020). Hence, we propose the following 285 

hypothesis: 286 

Hypothesis 2: The HSR leads to an increase in urban GTFP by improving climatic 287 

conditions (temperature, humidity, and sunshine duration). 288 
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Emissions from efficient power trains reduce CO2 in the atmosphere using electric power. 289 

As aforementioned, modern and improved technologies like the HSR cut vehicle emissions 290 

by one-third (Wolfram & Lutsey, 2016). Lower harmful emissions in the atmosphere 291 

improve the climate. Reducing the redundancy of  input factors in production processes is 292 

another effective method for lowering CO2 emissions and temperatures, which enhances 293 

GTFP. Moreover, a higher GTFP can be attained by reducing the redundancy of  unwanted 294 

output (CO2, SO2, and PM2.5 emissions) (Feng et al., 2020). To reduce CO2 emissions, 295 

China’s manufacturing industry has been subjected to various environmental laws and 296 

regulations. Environmental laws have effectively reduced pollutant emissions, supporting 297 

technological progress and factor productivity (Shi & Li, 2019). Hence, we propose the 298 

following hypothesis: 299 

Hypothesis 3: The HSR inhibits air pollution, which improves climatic conditions. 300 

Transportation advancements can make locations appealing to residents, workers, and 301 

businesses, increasing investment and land-use changes. These variations may have a 302 

significant impact on agglomeration and factor productivity. They may enable economies 303 

of  scale and specialisation gains. Transportation improvements that allow for greater and 304 

more efficient labour force participation may also change the labour supply. However, jobs 305 

are created in some areas and lost in others. Furthermore, in most cases, commuters using 306 

new travel modes, such as the HSR, transfer traffic from other transport modes serving 307 

the same destination. Even though users benefit from the change, this shift impacts 308 

resources less than HSR routes in new areas (Shen & Peng, 2021). 309 

A modified transportation system has both trade creation and trade diversion effects. 310 

Furthermore, the HSR uses information systems to regulate and manage operations and 311 

refine prices to meet revenue targets. This aspect is especially critical when the high-speed 312 

system shares infrastructure with other rail services. Factor agglomeration (talent gathering, 313 

investment gathering, and green technology concentration) can stimulate green 314 

development by expanding scientific innovation (Xie & Li, 2021), optimising the industrial 315 

structure, and strengthening government intervention. Previous research has shown that 316 
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factor agglomeration may reduce regional pollution, accelerate environmental innovation, 317 

increase energy utilisation efficiency, and reduce polluting emissions through the spillover 318 

effect of  green knowledge, environmental protection resource sharing, and equivalent 319 

effects (Shen & Peng, 2021). Previous heterogeneity analyses have revealed that factor 320 

agglomeration has a more decisive role in stimulating green development in areas where 321 

the level of  GHG emissions is very low, the climate is conducive to life, the degree of  322 

resource dependence is low, and the degree of  factor agglomeration is high (Xie & Li, 323 

2021). Therefore, the urban temperature may inhibit talent, investment, and GTI 324 

agglomeration, while improved sunshine duration promotes agglomeration and improves 325 

TFGP. Hence, we propose the following hypothesis: 326 

Hypothesis 4: Climatic conditions increase urban GTFP through talent gathering, 327 

investment gathering, and green technology concentration. 328 

3. Methodology and Data  329 

3.1 Data Selection 330 

Table 1 reports the descriptive statistics of  the HSR and GTFP indicators for prefecture-331 

level cities in China from 2003 to 2016 (see Table A1). We gathered data from the China 332 

City Statistical Yearbooks, the Railway Corporation, and news reports or announcements 333 

of  the National Railway Administration. We also obtained data from the Atmospheric 334 

Composition Analysis Group at Dalhousie University in Canada, meteorological station 335 

data within the jurisdiction of  prefecture-level cities, and patent data from the State 336 

Intellectual Property Office of  China (the Appendix provides a detailed description of  the 337 

data sources). Due to missing data, we included 277 cities in the analysis. To avoid 338 

heteroscedasticity, we used the logarithmic form of  the variables.  339 

Table 1. Descriptive Statistics 340 

Variable Obs. Mean Std. Dev. Min Max 

𝐺𝑇𝐹𝑃 3,878 1.005 0.032 0.828 1.389 

𝑈𝑆 3,878 48.90 73.13 4.05 986.90 

𝐺𝐼 3,878 213.44 400.48 3.31 692.07 

𝐺𝐷𝑃 3,878 32937 28965 99 467749 

𝐸𝑆 3,878 37.95 72.73 8.580 4533 
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𝑇𝐴 3,878 2437 7143 2 102205 

𝐶𝑂2 3,878 24.70 22.85 1.529 230.7 

𝑆𝑂2 3,878 6.57 8.52 2 152.63 

𝑃𝑀2.5 3,878 36.85 16.50 2.303 90.86 

𝑇𝐸𝑀𝑃 3,878 14.93 5.054 0 27 

𝐻𝑈𝑀 3,878 67.90 9.482 37 91 

𝑆𝑈𝑁 3,878 1978 503.2 598.4 3376 

𝑇𝐺 3,878 0.884 1.054 0.010 5.370 

𝐼𝐺 3,878 0.003 0.063 0.001 0.160 

𝐺𝑇 3,878 0.004 0.032 0.001 0.141 

GTFP assimilates the environmental pollution index within the index system of  economic 341 

growth. It uses the TFP index to judge if  a region’s economic development adopts a long-342 

term sustainable approach or produces emissions first and seeks mitigations later. We used 343 

the SBM-Data Envelope Analysis (DEA) method to calculate urban GTFP. DEA, first 344 

developed by Charnes et al. (1978), is a non-parametric method; hence, it does not require 345 

an input-output function. We obtained the GML index using the formula developed by 346 

Fukuyama and Weber (2009): 347 

𝐺𝑀𝐿𝑡,𝑡+1(𝑋𝑡, 𝑌𝑡 , 𝑍𝑡 , 𝑋𝑡+1, 𝑌𝑡+1, 𝑍𝑡+1 =
1+𝑆→𝐺(𝑋𝑡,𝑌𝑡,𝑍𝑡,𝑔𝑋,𝑔𝑌,𝑔𝑍)

1+𝑆→𝐺(𝑋𝑡+1,𝑌𝑡+1,𝑍𝑡+1,𝑔𝑋,𝑔𝑌,𝑔𝑍)
  (1) 348 

where 𝑆→𝐺(𝑋𝑡, 𝑌𝑡, 𝑍𝑡 , 𝑔𝑋 , 𝑔𝑌, 𝑔𝑍)  represents the global SBM-directional distance 349 

function (DDF) based on non-radial and non-directional measurements. The directional 350 

distance function (DDF) seeks to expand the production possibilities and reduce pollution 351 

emissions. Doing so, it reflects the concept of  sustainable development. We used the 352 

Malmquist-Luenberger (ML) productivity index to calculate China's urban GTFP (Zhang 353 

& Tan, 2016; Li et al., 2021a, b). We employ the GML index to measure the periodic change 354 

between t and t+1. If  the GML rate is greater than one, GTFP increases year on year. If  355 

the GML index equals one, GTFP is stationary, and if  the GML index is less than one, 356 

GTFP decreases year on year. It is important to note that the GML index reflects the 357 

growth rate of  GTFP. Hence, we need to make some regression assumptions. 358 

The first core explanatory variable is HSR opening（𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡). We obtained 359 
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data on the HSR from the Railway Corporation and news reports or announcements of  360 

the National Railway Administration for Chinese prefecture-level cities. We generated this 361 

variable as a dummy equal to one for the cities where the HSR is introduced, and zero 362 

otherwise. 363 

The second core explanatory variable is HSR network (DC and CC). The HSR network 364 

reflects the different opening years of  HSR lines. We used social network analysis to 365 

calculate cities’ network connection breadth and network centrality within HSR operations. 366 

We addressed cities in the HSR network from the two perspectives mentioned above. 367 

Next, this study resorted to Freeman indices (1977, 1978), such as degree centrality (DC) 368 

and closeness centrality (CC), commonly used to measure network node connectivity. 369 

These centrality measures served as the foundation for further investigation. We measured 370 

network connection breadth by degree centrality (DC）and network centrality by closeness 371 

centrality (CC) We expressed the DC of  a node as the ratio of  edges connected with the 372 

given node in a complex series of  networks (Wang et al., 2014). Consequently, the DC 373 

criterion corresponds to the connections among nodes in an HSR network. In general, the 374 

DC distribution highlights the importance of  nodes and reflects the topological 375 

characteristics of  HSR complex networks. The DC of  node 𝑖  reflects its network 376 

accessibility. It is defined it as: 377 

𝐷𝐶𝑖𝑡 =
𝑘𝑖𝑡

𝑁−1
                              (2) 378 

where 𝑘𝑖𝑡 represents the number of  cities directly connected to city 𝑖 in year 𝑡. 𝑁 − 1 379 

is the maximum possible degree value of  the node. 380 

CC estimates how close a given node is to all other nodes in any network. A node's CC is 381 

the inverse of  the average shortest distance between it and another node in a given network 382 

(Nieminen, 1974). The CC measures a node's proximity to all other nodes and reflects its 383 

connectivity in the network. The shorter the distance between a node and its neighbours, 384 

the higher its CC, and the easier the access to other nodes. We define the CC of  node i as: 385 

𝐶𝐶𝑖𝑡 =
1

𝑑𝑖𝑡
=

𝑁

∑ 𝑑𝑖𝑗𝑡
𝑁
𝑗=1

                          (3) 386 
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where 𝑑𝑖𝑡 represents the average distance between node city 𝑖 and other nodes in the 387 

network in year 𝑡. 388 

In the regression analysis, we control for urban size (urban employed population), 389 

government intervention (fiscal expenditure), urban economic development level (per 390 

capita GDP), urban economic structure (proportion of  tertiary industry), and 391 

technological advance (number of  patent grants). 392 

Previous studies have extensively examined the role of  technical advances in sustainable 393 

development (Zhang & Vigni, 2021). After the Porter Hypothesis (PH) (Porter, 1991; 394 

Porter and Porter, 1995), the literature has established that well-designed regulation 395 

benefits a firm's economic performance, and may help firms overcome market failures, 396 

such as information asymmetry and control power problems, and boost innovation by 397 

reducing innovation costs and sponsoring innovative projects. These phenomena, in turn, 398 

increase resource allocation efficiency and product value, increasing productivity and 399 

improving environmental quality, ultimately increasing green productivity. Overall, 400 

previous research shows a positive impact of  technological advances on GTFP (Lin and 401 

Nelson, 2017; Zang et al., 2020). This study uses patent grants to assess innovation ability 402 

to make its findings easily comparable to the results of  previous studies (Dang & 403 

Motohashi, 2015; Song et al., 2017). 404 

Large urban areas are more productive (Qiang, 2018). Therefore, urbanisation has a 405 

profound impact on GTFP. The allocation of  resources between urban and rural areas 406 

may change due to urbanisation. Cities can supply machinery, seeds, and advanced 407 

technology to continuously improve TFP. However, urbanisation is often accompanied by 408 

large labour migration from rural to urban areas, occupation of  farmland by urban 409 

construction, and environmental pollution caused by industrialisation (Nathaniel et al., 410 

2021). These phenomena hinder the long-term development of  GTFP in China. 411 

The GDP per capita is referred to as the urban economic development level. It can reflect 412 

a city’s economic activity load per person and its economic activity scale. In theory, a better 413 

economic structure supports technology generalisation, allowing significant knowledge 414 
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overflow and a critical external economy, resulting in higher GTFP (Lin & Chen, 2018; Xia 415 

& Xu, 2020). This study used GDP data obtained from China Statistical Yearbooks. 416 

 417 

3.2 Methodology 418 

3.2.1 Baseline Model 419 

The DID method is typically used to determine causal effects. Following Sun et al. (2022), 420 

we used the DID method to identify the impact of  HSR on GTFP in China. We consider 421 

the following panel data model: 422 

𝑙𝑛𝐺𝑇𝐹𝑃𝑖𝑡 = 𝛼0 + 𝛼1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 +  𝜃′𝑋𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡        (4) 423 

where i and t represent the city and year, respectively; 𝑙𝑛𝐺𝑇𝐹𝑃𝑖𝑡  is the logarithm of  424 

GTFP in city 𝑖 in year 𝑡; 𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 indicates the HSR opening in the city 𝑖 425 

in year 𝑡 ; 𝑋𝑡  is a vector of  logarithmically transformed control variables comprising 426 

urban size (urban employed population), government intervention (fiscal expenditure), 427 

urban economic development level (GDP per capita), urban economic structure 428 

(proportion of  tertiary industry), and technological advancement (number of  patent 429 

grants). Further, 𝜇𝑖 is the city fixed effect, which controls unobserved city characteristics 430 

that do not vary over time; 𝛿𝑡 is the year fixed effect, which controls unobserved urban 431 

heterogeneity that varies over time, and 𝜀𝑖𝑡 is the idiosyncratic random disturbance term. 432 

Hypothesis 1 implies 𝛼1 > 0. In other words, after the city is connected to the HSR 433 

network, its urban GTFP rises. 434 

3.2.2 Mediating Effect 435 

To test Hypothesis 2-4, we adopt the three-step approach proposed by Baron and Kenny 436 

(1986), which aims to evaluate the role of  mediating variables between the explanatory and 437 

dependent variables in a regression model. Rooted in social psychology, the concept of  438 

mediation can be generalised to multiple contexts, in which the importance of  entities, 439 

organisms, or processes intervening between input (or stimulus) and output (or response) 440 

is underscored. Unlike moderation, where the causal relation varies as a function of  the 441 

moderating variable, mediation aims to shed light on the generative mechanism through 442 
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which the independent variable can influence the dependent variable (Baron and Kenny, 443 

1986). In a nutshell, this approach consists of  three steps, outlined below. 444 

Step 1. The dependent/outcome variable 𝑌 is regressed on the independent variable 𝑋: 445 

𝑌 = 𝐴𝑋 + 𝑒1,                  (5) 446 

where the estimate of  𝐴 is expected to be significant. 447 

Step 2. The mediator 𝑀 is regressed on the independent variable 𝑋: 448 

𝑀 = 𝐵𝑋 + 𝑒2,                 (6) 449 

where the estimate of  𝐵 is expected to take on values that are significantly different from 450 

zero. 451 

Step 3. The dependent/outcome variable is regressed on both the independent variable 452 

𝑋 and the mediator variable 𝑀, as indicated in the following equation: 453 

�= 𝐶𝑋 + 𝐷𝑀 + 𝑒3                  (7) 454 

𝑀 is said to mediate between 𝑋 and 𝑌 if  a) 𝐷 is significantly different from zero, and 455 

b) the effect of  𝑋 on 𝑌 in the third-step regression, 𝐶 , is smaller in absolute value 456 

and/or less significant than the effect of  𝑋 on 𝑌 in the first-step step regression, 𝐴. 457 

The variable 𝑀 is deemed a single, dominant mediator if  𝐶 is reduced to 0 (Baron and 458 

Kenny, 1986). 459 

Hypothesis 2 implies that the climate variables (temperature, humidity, sunshine duration) 460 

effectively mediate the relation between access to HSR services and urban GTFP. We seek 461 

to ascertain if  the HSR opening (see, e.g., Figure 1) can boost urban GTFP through 462 

climatic variables. Equation 4 (outlined previously) describes Step 1. In Step 2, we test the 463 

impact of  the HSR on climatic variables (temperature, humidity, and sunshine duration), 464 

and we control for a vector of  variables 𝑙𝑛𝑋𝑖𝑡: 465 

𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡= 𝛽0 + 𝛽1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 + 𝛽2′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡    (8) 466 

Step 3 considers climatic conditions (temperature, humidity, and sunshine duration) in the 467 

baseline model: 468 
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𝑙𝑛𝐺𝑇𝐹𝑃𝑖𝑡 =𝛾0 + 𝛾1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 + 𝛾2𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 + 𝛾3′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡 469 

(6) 470 

Turning to Hypothesis 3, Step 1 evaluates the effect of  the HSR opening on the climate 471 

variables (temperature, humidity, and sunshine duration): 472 

𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 = 𝛼0 + 𝛼1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 + 𝛼2′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡       (9) 473 

Step 2 tests the impact of  the HSR opening on air pollution (CO2, SO2, and PM2.5): 474 

𝑙𝑛𝐴𝐼𝑅𝑃𝑂𝐿𝐿𝑈𝑇𝐼𝑂𝑁𝑖𝑡 = 𝛽0 + 𝛽1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 + 𝛽2′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡 (10) 475 

Step 3 introduces air pollution (CO2, SO2, and PM2.5) in the baseline model where climatic 476 

conditions (temperature, humidity, and sunshine duration) are the dependent variables: 477 

𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 = 𝛾0 + 𝛾1𝑇𝑅𝐸𝐴𝑇𝑖 × 𝐴𝐹𝑇𝐸𝑅𝑖𝑡 + 𝛾2𝑙𝑛𝐴𝐼𝑅𝑃𝑂𝐿𝐿𝑈𝑇𝐼𝑂𝑁𝑖𝑡 + 𝛾3′𝑙𝑛𝑋𝑖𝑡 +478 

𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡 .                   (11) 479 

Finally, to test Hypothesis 4, we proceed as follows. Step 1 evaluates the effect of  climatic 480 

conditions (temperature, humidity, and sunshine duration) on urban GTFP: 481 

𝑙𝑛𝐺𝑇𝐹𝑃𝑖𝑡 = 𝛼0 + 𝛼1𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 + 𝛼2′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡       (12) 482 

In Step 2, we test if  factor agglomeration (talent gathering, investment gathering, and green 483 

technology concentration) is driven by the climate variables (temperature and sunshine 484 

duration): 485 

𝑙𝑛𝐴𝐺𝐺𝐿𝑂𝑀𝐸𝑅𝐴𝑇𝐼𝑂𝑁𝑖𝑡 = 𝛽0 + 𝛽1𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 + 𝛽2′𝑙𝑛𝑋𝑖𝑡 + 𝜇𝑖 + 𝛿𝑡 + 𝜀𝑖𝑡   (13) 486 

In Step 3, we consider both factor agglomeration (talent gathering, investment gathering, 487 

and green technology concentration) and the climate variables: 488 

𝑙𝑛𝐺𝑇𝐹𝑃𝑖𝑡 = 𝛾0 + 𝛾1𝑙𝑛𝐶𝐿𝐼𝑀𝐴𝑇𝐸𝑖𝑡 + 𝛾2𝑙𝑛𝐴𝐺𝐺𝐿𝑂𝑀𝐸𝑅𝐴𝑇𝐼𝑂𝑁𝑖𝑡 + 𝛾3′𝑙𝑛𝑋𝑖𝑡+𝜇𝑖 +489 

𝛿𝑡 + 𝜀𝑖𝑡                  (14) 490 
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 491 

Figure 1. HSR Opening in Prefecture-level Cities 492 

 493 

4. Results and Discussion 494 

4.1 Baseline Model Results 495 

After validating the parallel trend hypothesis, Table 3 reports the baseline results of  the 496 

DID method. The coefficient of  our primary explanatory variable, HSR, is positive and 497 

significant, indicating a positive relationship with GTFP. This result accords with 498 

Hypothesis 1. Specifically, the estimated coefficient of  𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 is 0.0207; this 499 

means that the HSR opening leads to an increase in GTFP by 2.07% in cities connected 500 

by the HSR. Therefore, GTFP is significantly higher in the cities reached by the HSR than 501 

in other cities. In contrast, the coefficient estimates of  US and ES are insignificant. 502 

Government interventions command a negative and significant effect, while GDP has a 503 

positive and significant effect on GTFP. This result indicates that GDP per capita is 504 

significantly higher in cities reached by the HSR (Liu & Li, 2017). The TA coefficient is 505 

negative and significant. Although technological improvement optimises the utilisation of  506 

resources by mitigating pollution, most Chinese cities are already fully developed, limiting 507 

further productivity advances.  508 

 509 
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Table 3. Baseline Results 510 

Independent Variables Dependent Variable：𝑙𝑛𝐺𝑇𝐹𝑃 

𝑇𝑅𝐸𝐴𝑇 ×AFTER 
0.0207*** 

（4.52） 

𝑙𝑛𝑈𝑆 
0.0014 

（0.21） 

𝑙𝑛𝐺𝐼 
-0.0189*** 

（-4.28） 

𝑙𝑛𝐺𝐷𝑃 
0.0151* 

（1.56） 

𝑙𝑛𝐸𝑆 
-0.0078 

（-0.49） 

𝑙𝑛𝑇𝐴 
-0.0042** 

（-2.69） 

Year fixed YES 

City fixed YES 

Observations 3878 

R-squared 0.4663 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 511 

report t statistics in parenthesis. 512 

 513 

The internal validity of  the estimated model is confirmed via the parallel trend test (see 514 

Table OA1 in online Appendix). Our robustness analysis indicates noticeable geographical 515 

and urban-grade heterogeneity effects of  HSR on urban GTFP (see Table OA2 in the 516 

online Appendix). 517 

Using China’s city level data, Li and Cheng (2022) apply DiD approach to study the 518 

influence of  high-speed rail on urban carbon emission efficiency. Their findings indicate 519 

that high-speed rail can greatly increase the efficiency of  urban carbon emission reduction. 520 

According to the heterogeneity results, non-resource-based major cities are more likely to 521 

benefit from high-speed rail's boosting effects on urban carbon emission efficiency. 522 

Additional examinations of  the transmission mechanisms reveal that high-speed rail may 523 

enhance urban carbon emission effectiveness through technical advancement, structure 524 

optimization, tightening environmental laws, and lowering market segmentation. Likewise, 525 

Lau (2010) examines the factors influencing conditional convergence in China. The 526 

findings suggest that trade openness, infrastructure for transportation and 527 

telecommunication, and low inflation would support economic growth in China. 528 
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4.2 Mediating Effects 529 

4.2.1 The Mediating Effects of  Climatic Conditions 530 

The HSR generates significant economic benefits with limited economic and 531 

environmental costs. The strong connection between climate change and the HSR 532 

provides a rationale for exploring climate conditions as a channel through which the HSR 533 

may affect GTFP. Since the HSR was found to influence urban GTFP, we now consider 534 

the mediating role of  climate conditions (temperature, humidity, and sunshine duration). 535 

Table 4 shows that the opening of  the HSR significantly reduces urban temperature 536 

( 𝑙𝑛𝑇𝐸𝑀𝑃 ), but it increases urban humidity ( 𝑙𝑛𝐻𝑈𝑀 ) and urban sunshine duration 537 

(𝑙𝑛𝑆𝑈𝑁), as shown in columns 1-3. Results in columns 4–6 reveal the mediating role of  538 

climatic conditions in the relationship between the HSR opening and GTFP. The HSR can 539 

promote urban GTFP by reducing temperature and increasing urban sunshine duration. 540 

This is because the effects of  the HSR opening are smaller in the third-step regression 541 

(0.0115, 0.0081, and 0.0093, see columns 4-6 of  Table 4) than in the first-step regression 542 

(0.0207, see Table 3). Although the HSR increases air humidity, this variable does not 543 

mediate the relationship of  interest. Innovative technologies and clean and 544 

environmentally friendly energy can minimise resource use and carbon emissions in 545 

manufacturing (Jin et al., 2019). Overall, the results lend partial support to Hypothesis 2. 546 

 547 

Table 4. The Mediating Effects of  the Climatic Conditions 548 

Independent 

Variables 

Dependent/Mediating Variables 

𝑙𝑛𝑇𝐸𝑀𝑃 𝑙𝑛𝐻𝑈𝑀 𝑙𝑛𝑆𝑈𝑁 𝑙𝑛𝐺𝑇𝐹𝑃 𝑙𝑛𝐺𝑇𝐹𝑃 𝑙𝑛𝐺𝑇𝐹𝑃 

（1） （2） （3） (4) (5) （6） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 
-0.0112*** 

（-5.21） 

0.0104*** 

（5.30） 

0.0121*** 

（4.89） 

0.0115*** 

（5.33） 

0.0081*** 

（3.68） 

0.0093*** 

（4.47） 

𝑙𝑛𝑇𝐸𝑀𝑃 
   

-0.0117** 

（-2.19） 
  

𝑙𝑛𝐻𝑈𝑀 
    

0.0086 

（0.36） 
 

𝑙𝑛𝑆𝑈𝑁 
     

0.0089*** 

（2.57） 

𝑙𝑛𝑈𝑆 
0.0138** 

（1.55） 

-0.0014 

（-0.53） 

0.0031 

（0.32） 

0.0078 

（0.56） 

0.0052 

（0.29） 

0.0011 

（0.23） 
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𝑙𝑛𝐺𝐼 
0.0013 

（0.41） 

0.0059 

（0.65） 

-0.0414*** 

（-4.51） 

-0.0402*** 

（-4.29） 

-0.0103*** 

（-5.27） 

-0.0059 

（-0.28） 

𝑙𝑛𝐺𝐷𝑃 
0.0039 

（0.49） 

-0.0068 

（-0.64） 

0.0122* 

（1.59） 

0.0059* 

（1.69） 

0.0025* 

（1.79） 

0.0055* 

（1.83） 

𝑙𝑛𝐸𝑆 
0.0014* 

（1.58） 

-0.0048 

（-0.37） 

-0.0275 

（-0.60） 

-0.0081 

（-0.52） 

-0.0045 

（-0.53） 

-0.0047 

（-0.70） 

𝑙𝑛𝑇𝐴 
0.0020 

（0.44） 

0.0011 

（0.18） 

-0.0014 

（-0.39） 

-0.0027** 

（-2.28） 

-0.0016** 

（-2.48） 

-0.0039** 

（-2.71） 

Year fixed YES YES YES YES YES YES 

City fixed YES YES YES YES YES YES 

Observations 3878 3878 3878 3878 3878 3878 

R-squared 0.8849 0.8783 0.8697 0.4692 0.4728 0.4769 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 549 

report t statistics in parenthesis. 550 

 551 

4.2.2 The Mediating Effects of  Air Pollution 552 

To shed further light on the effect of  the HSR on the climate, we consider air pollution as 553 

a mediator in the relationship between climate change and the HSR opening. CO2, SO2, 554 

and PM2.5 measure air pollution. As previously, we employ the three-step approach. The 555 

estimated first-step regression model was summarised in columns 1-3 of  Table 4. We 556 

regress the hypothesised mediators on the HSR opening in the second step. Table 5 557 

displays the results, which indicate that the opening of  HSR significantly reduces CO2, SO2, 558 

and PM2.5. 559 

Table 5. Impact of  HSR Opening on Air Pollution 560 

Independent Variables 

Mediating Variables 

𝑙𝑛𝐶𝑂2 𝑙𝑛𝑆𝑂2 𝑙𝑛𝑃𝑀2.5 

（1） （2） （3） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 
-0.0329*** 

（-5.19） 

-0.1441*** 

（-3.46） 

-0.0671** 

（-2.72） 

𝑙𝑛𝑈𝑆 
0.0059 

（0.59） 

0.0153 

（0.85） 

-0.0229*** 

（-5.29） 

𝑙𝑛𝐺𝐼 
0.1349*** 

（5.98） 

0.1389** 

（2.77） 

-0.0265 

（-0.59） 

𝑙𝑛𝐺𝐷𝑃 
0.1277*** 

（5.76） 

-0.0056 

（-0.10） 

-0.0029 

（-0.49） 

𝑙𝑛𝐸𝑆 
0.0168 

（0.61） 

-0.0170 

（-0.58） 

0.0019 

（0.75） 

𝑙𝑛𝑇𝐴 
0.0176*** 

（4.29） 

-0.0145 

（-0.29） 

-0.0137*** 

（-5.96） 
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Year fixed YES YES YES 

City fixed YES YES YES 

Observations 3878 3878 3878 

R-squared 0.8918 0.9083 0.8879 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 561 

report t statistics in parenthesis. 562 

 563 

In the third step, we consider both the HSR and the mediators as drivers of  climate change. 564 

The coefficient estimates of  the HSR opening on the climate conditions are lower in 565 

absolute value in the third-step regression (-0.0073 and 0.0068 in columns 2 and 4 of  Table 566 

6, respectively) than in the first-step regression (-0.0112 and 0.0121 in columns 1 and 3 of  567 

Table 4, respectively). Therefore, air pollutants appear to mediate the relationship between 568 

the HSR opening and the climatic conditions. 569 

Table 6. Impact of  HSR Opening on Climate Change 570 

Independent Variables 

Dependent Variables 

𝑙𝑛𝑇𝐸𝑀𝑃 𝑙𝑛𝑆𝑈𝑁 

（1） （2） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 
-0.0073*** 

（-3.78） 

0.0068*** 

（5.31） 

𝑙𝑛𝐶𝑂2 
0.0087*** 

（4.56） 

-0.0075*** 

（-4.40） 

𝑙𝑛𝑆𝑂2 
0.0067*** 

（4.27） 

-0.0093 

（-0.46） 

𝑙𝑛𝑃𝑀2.5 
0.0039*** 

（4.21） 

-0.0047*** 

（-4.67） 

𝐿𝑛𝑈𝑆 
0.0412*** 

（2.95） 

0.0058 

（0.76） 

𝐿𝑛𝐺𝐼 
-0.0054 

（-0.71） 

-0.0161*** 

（-3.77） 

𝐿𝑛𝐺𝐷𝑃 
-0.0018 

（-0.70） 

0.0167** 

（2.58） 

𝐿𝑛𝐸𝑆 
0.0121** 

（2.35） 

-0.0086 

（-0.59） 

𝐿𝑛𝑇𝐴 
0.0034 

（0.11） 

-0.0052 

（-0.36） 

Year fixed YES YES 

City fixed YES YES 

Observations 3878 3878 

R-squared 0.8896 0.8927 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 571 
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report t statistics in parenthesis. 572 

Considering Tables 5 and 6 together, we find that the HSR opening inhibits CO2, SO2, and 573 

PM2.5 emissions, which reduces urban temperature and increases sunshine duration. The 574 

HSR can help to reduce SO2 emissions by improving production efficiency and resource 575 

utilisation, and changing the industrial structure (Chen et al., 2020). Overall, the results are 576 

supportive of  Hypothesis 3. 577 

4.2.3 The Mediating Effects of  Factor Agglomeration 578 

We now consider factor agglomeration mediating between climatic conditions and urban 579 

GTFP. Temperature and sunshine duration affect urban GTFP through talent gathering 580 

(𝑙𝑛𝑇𝐺), investment gathering (𝑙𝑛𝐼𝐺), and green technology concentration (𝑙𝑛𝐺𝑇). We 581 

proceed in three steps. In the first step, we regress GTFP on temperature (column 1 of  582 

Table 7). In this step, temperature appears to cause a negative effect on GTFP In the 583 

second step; temperature commands a significant decline in factor agglomeration (see 584 

columns 2-4). In the third step, GTFP is regressed on both urban temperature and factor 585 

agglomeration (column 5). All in all, factor agglomeration triggers significant mediating 586 

effects between temperature and GTFP. Table 7 indicates that temperature decreases urban 587 

GTFP by inhibiting factor agglomeration. Overall, our findings support Hypothesis 4. 588 

 589 

Table 7. The Mediating Effects of  Factor Agglomeration: Urban Temperature 590 

Independent Variables 

Mediating/Dependent Variables 

𝑙𝑛𝐺𝑇𝐹𝑃 𝑙𝑛𝑇𝐺 𝑙𝑛𝐼𝐺 𝑙𝑛𝐺𝑇 𝑙𝑛𝐺𝑇𝐹𝑃 

（1） （2） （3） （4） （5） 

𝑙𝑛𝑇𝐸𝑀𝑃 -0.0066* 

（-1.72） 

-0.0015** 

（-2.23） 

-0.0012* 

（-1.71） 

-0.0018* 

（-1.66） 

-0.0043 

（-0.53） 

𝑙𝑛𝑇𝐺     0.0061** 

（2.03） 

𝑙𝑛𝐼𝐺     0.0031** 

（2.22） 

𝑙𝑛𝐺𝑇     0.0036** 

（2.18） 

𝑙𝑛𝑈𝑆 
0.0016 

（0.53） 

0.0571*** 

（8.88） 

-0.0813*** 

（-3.70） 

0.2356*** 

（6.14） 

-0.0065 

（-1.53） 

𝑙𝑛𝐺𝐼 
-0.0095*** 

（-3.30） 

0.0102 

（0.88） 

0.0580*** 

（6.05） 

0.1215** 

（2.02） 

-0.0022 

（-0.78） 
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𝑙𝑛𝐺𝐷𝑃 
0.0061* 

（1.66） 

-0.0520** 

（-2.03） 

0.0383*** 

（3.35） 

0.0557 

（0.70） 

0.0098** 

（2.13） 

𝑙𝑛𝐸𝑆 
-0.0016 

（-0.66） 

0.0098 

（0.72） 

-0.0325* 

（-1.66） 

0.0642 

（1.20） 

-0.0062* 

（-1.87） 

𝑙𝑛𝑇𝐴 
-0.0019** 

（-2.23） 

-0.0006 

（-0.13） 

0.0127 

（1.33） 

0.0579*** 

（7.09） 

-0.0016* 

（-1.75） 

Year fixed YES YES YES YES YES 

City fixed YES YES YES YES YES 

Observations 3878 3878 3878 3878 3878 

R-squared 0.5846 0.6531 0.6432 0.6231 0.6287 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 591 

report t statistics in parenthesis 592 

 593 

Further, we replace temperature with sunshine duration and undertake the three-step 594 

approach. Table 8 summarises the estimated regressions. Factor agglomeration appears to 595 

mediate the relationship between climatic conditions and GFTP. The results summarised 596 

in Tables 7 and 8 lend support to Hypothesis 4. Factor agglomeration can accelerate 597 

environmental innovation and increase energy efficiency, which is conducive to lower 598 

pollution emissions through green knowledge, environmental protection resource sharing, 599 

and equivalent effects (Shen & Peng, 2021). 600 

 601 

Table 8. The Mediating Effects of  Factor Agglomeration: Sunshine Duration 602 

Independent Variables 

Mediating/Dependent Variables 

𝑙𝑛𝐺𝑇𝐹𝑃 𝑙𝑛𝑇𝐺 𝑙𝑛𝐼𝐺 𝑙𝑛𝐺𝑇 𝑙𝑛𝐺𝑇𝐹𝑃 

(1) （2） （3） （4） （5） 

𝑙𝑛𝑇𝐸𝑀𝑃 0.0076*** 

（2.99） 

0.0205** 

（2.06） 

0.0074* 

（1.72） 

0.0012* 

（1.67） 

0.0058*** 

（2.84） 

𝑙𝑛𝑇𝐺     0.0112** 

（2.25） 

𝑙𝑛𝐼𝐺     0.0118*** 

（5.10） 

𝑙𝑛𝐺𝑇     0.0003** 

（2.11） 

𝑙𝑛𝑈𝑆 
0.0014 

（0.46） 

0.0554*** 

（18.90） 

-0.0802*** 

（-3.69） 

0.0241*** 

（6.29） 

-0.0065 

（-1.53） 

𝑙𝑛𝐺𝐼 
-0.0089*** 

（-3.10） 

0.0111 

（0.95） 

0.0581*** 

（4.41） 

0.0117* 

（1.95） 

-0.0018 

（-0.62） 

𝑙𝑛𝐺𝐷𝑃 
0.0058 

（1.58） 

-0.0523*** 

（-4.08） 

-0.0289* 

（-1.67） 

0.0589 

（0.73） 

0.0095** 

（2.04） 
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𝑙𝑛𝐸𝑆 
-0.0016 

（-0.64） 

0.0103 

（0.74） 

0.0128 

（1.54） 

0.0685 

（1.29） 

-0.0063* 

（-1.87） 

𝑙𝑛𝑇𝐴 
-0.0018** 

（-2.17） 

-0.0004 

（-0.08） 

0.0114* 

（1.67） 

0.0578** 

（2.11） 

-0.0016* 

（-1.72） 

Year fixed YES YES YES YES YES 

City fixed YES YES YES YES YES 

Observations 3878 3878 3878 3878 3878 

R-squared 0.5860 0.5746 0.5947 0.5832 0.5542 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 603 

report t statistics in parenthesis. 604 

 605 

4.3  Robustness Checks 606 

To analyse the robustness of  our research findings, the HSR opening dummy was replaced 607 

with two alternative measures of  HSR network, the city’s network connection breadth and 608 

network centrality, DC, and CC, respectively.  609 

In the first step, we regress GTFP on the HSR network. The first-step regression is 610 

summarised in Table 9. The coefficient estimates of  the HSR network are positive and 611 

significant. It indicates that HSR has a significant impact on GTFP in prefecture-level cities. 612 

 613 

Table 9. Impact of  HSR Network on Urban GTFP 614 

Independent Variables 
Dependent Variable: 𝑙𝑛𝐺𝑇𝐹𝑃 

（1） （2） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 × 𝐷𝐶 
0.0073*** 

（5.73） 
 

𝑇𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 × 𝐶𝐶  
0.0027*** 

（3.35） 

𝑙𝑛𝑈𝑆 
-0.0003 

（-0.11） 

0.0008 

（0.26） 

𝑙𝑛𝐺𝐼 
-0.0089*** 

（-3.06） 

-0.0096*** 

（-3.29） 

𝑙𝑛𝐺𝐷𝑃 
0.0081** 

（2.08） 

0.0072* 

（1.90） 

𝑙𝑛𝐸𝑆 
-0.0017 

（-0.70） 

-0.0014 

（-0.59） 

𝑙𝑛𝑇𝐴 
-0.0018** 

（-2.18） 

-0.0018** 

（-2.18） 

Year fixed YES YES 

City fixed YES YES 

Observations 3878 3878 
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R-squared 0.5905 0.5862 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 615 

report t statistics in parenthesis. 616 

 617 

In the second step, we regress the climatic conditions (temperature and sunshine duration) 618 

on the HSR network. The results are displayed in columns 1 and 2 of  Tables 10 and 11 for 619 

the DC and CC measures of  the HSR network, respectively. We find that the HSR network 620 

significantly affects the climatic conditions (temperature and sunshine duration). In 621 

particular, the HSR network is negatively associated with temperature and positively with 622 

sunshine duration. 623 

In the third step, GTFP appears to respond significantly to climatic conditions. The 624 

temperature has a negative effect, whereas sunshine duration positively affects GTFP. The 625 

effect of  the HSR network appears to decrease in the third-step regression (0.0049 and 626 

0.0053, if  temperature and sunshine duration are included in the regression, respectively) 627 

relative to the first-step regression (0.0073). This result indicates that the climatic 628 

conditions partially mediate the effects of  the HSR network on GTFP.  629 

 630 

Table 10. Impact of  HSR Network (DC) on Urban GTFP 631 

Independent Variables 

Dependent Variables 

𝑙𝑛𝑇𝐸𝑀𝑃 𝑙𝑛𝑆𝑈𝑁 𝑙𝑛𝐺𝑇𝐹𝑃 

（1） （2） （3） （4） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 × 𝐷𝐶 
-0.0093*** 

（-3.69） 

0.0104** 

（2.29） 

0.0049*** 

（6.11） 

0.0053*** 

（3.38） 

𝑙𝑛𝑇𝐸𝑀𝑃   
-0.0035** 

（-2.57） 
 

𝑙𝑛𝑆𝑈𝑁    
0.0069*** 

（6.36） 

𝑙𝑛𝑈𝑆 
0.0163** 

（2.56） 

0.0073 

（0.78） 

-0.0059 

（-0.34） 

-0.0027 

（-0.48） 

𝑙𝑛𝐺𝐼 
0.0010 

（0.14） 

-0.0405*** 

（-3.29） 

-0.0038*** 

（-4.49） 

-0.0058*** 

（-4.79） 

𝑙𝑛𝐺𝐷𝑃 
0.0028 

（0.39） 

0.0167 

（1.52） 

0.0116*** 

（3.89） 

0.0054** 

（2.39） 

𝑙𝑛𝐸𝑆 
0.0192* 

（1.84） 

-0.0107 

（-1.10） 

-0.0058 

（-0.49） 

-0.0016 

（-0.56） 

𝑙𝑛𝑇𝐴 
0.0019 

（0.53） 

-0.0054 

（-1.47） 

-0.0046** 

（-2.21） 

-0.0066** 

（-2.03） 
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Year fixed YES YES YES YES 

City fixed YES YES YES YES 

Observations 3878 3878 3878 3878 

R-squared 0.9825 0.9030 0.5798 0.5872 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 632 

report t statistics in parenthesis. 633 

 634 

Table 11 summarises the second- and third-step regressions for the CC measure of  the 635 

HSR network. Consistently with the results reported in Table 10, the second-step 636 

regression shows that the HSR network is negatively (positively) associated with 637 

temperature (sunshine duration). The third-step regression seeks to evaluate the effect of  638 

the HSR network controlling for the mediators. We find that the effect of  the HSR network 639 

is positive and significant (0.0019 and 0.0008, if  temperature and sunshine duration are 640 

included in the regression, respectively), and somewhat smaller than in the first-step 641 

regression (0.0027). Again, there is evidence that the climatic conditions partially mediate 642 

the relation between the HSR network and GTFP. 643 

The robustness analysis endorses our key findings. Overall, the results summarised in 644 

Tables 9-11 support the mediating role of  temperature and sunshine duration. 645 

 646 

Table 11. The Impact of  HSR Network (CC) on Urban GTFP 647 

 𝑙𝑛𝑇𝐸𝑀𝑃 𝑙𝑛𝑆𝑈𝑁 𝑙𝑛𝐺𝑇𝐹𝑃 

（1） （2） （3） （4） 

𝑇𝑅𝐸𝐴𝑇 × 𝐴𝐹𝑇𝐸𝑅 × 𝐶𝐶 -0.0075*** 

（-3.60） 

0.0130** 

（2.33） 

0.0019*** 

（4.93） 

0.0008*** 

（5.38） 

𝑙𝑛𝑇𝐸𝑀𝑃   -0.0013*** 

（-3.81） 

 

𝑙𝑛𝑆𝑈𝑁    0.0087*** 

（5.39） 

𝑙𝑛𝑈𝑆 
0.0161** 

（2.51） 

0.0104 

（1.13） 

0.0011 

（0.39） 

0.0015 

（0.29） 

𝑙𝑛𝐺𝐼 
0.0020 

（0.28） 

-0.0414*** 

（-3.31） 

-0.0048*** 

（-4.12） 

-0.0034*** 

（-3.46） 

𝑙𝑛𝐺𝐷𝑃 
0.0022 

（0.32） 

0.0130 

（1.15） 

0.0042** 

（2.02） 

0.0019** 

（2.38） 

𝑙𝑛𝐸𝑆 
0.0185* 

（1.78） 

-0.0109 

（-1.11） 

-0.0043 

（-0.42） 

-0.0051 

（-0.68） 

𝑙𝑛𝑇𝐴 
0.0018 

（0.50） 

-0.0055 

（-1.50） 

-0.0058*** 

（-3.69） 

-0.0069** 

（-2.13） 
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Year fixed YES YES YES YES 

City fixed YES YES YES YES 

Observations 3878 3878 3878 3878 

R-squared 0.9825 0.9028 0.5663 0.5761 

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. We 648 

report t statistics in parenthesis. 649 

 650 

5. Conclusion and Implications   651 

Understanding the association between the opening of  the HSR and urban GTFP is critical 652 

for evaluating how innovative rail infrastructure influences green innovation development 653 

in China. This study employs panel data from 277 prefecture-level cities in China between 654 

2003 and 2016 and a two-way fixed-effects model to assess the impact of  the HSR opening 655 

on urban GTFP.  656 

Our results indicate that the introduction of  HSR services significantly boosts urban GTFP. 657 

We also provide evidence that the effect of  the HSR opening on GTFP significantly varies 658 

across regions and urban grades. Moreover, we used the three-step approach to evaluate 659 

the mediating role of  changing climatic conditions (temperature and sunshine duration) in 660 

the relationship between the HSR and GTFP. The HSR network expansion inhibits urban 661 

temperature and promotes sunshine duration by reducing air pollution. We also find that 662 

factor agglomeration is a vector of  significant mediators in the relationship between the 663 

climatic conditions (temperature and sunshine duration) and GTFP.  664 

Our findings offer several policy implications. Firstly, greater investment in innovative and 665 

modern transportation infrastructure in prefecture-level cities accelerates the process of  666 

regional integration. The HSR network expansion gives rise to economic benefits for urban 667 

and regional economies, highlighting innovative transportation infrastructure's critical role 668 

in promoting GTFP. Secondly, stable environmental conditions and the advancement in 669 

production factors are instrumental in improving GTFP. Specifically, by reducing input 670 

redundancy in production processes, the Chinese government can attain lower air pollution 671 

levels (in terms of  (CO2, SO2, and PM2.5 emissions) and ensure stable climatic conditions, 672 

which ultimately improves GTFP. Crucially, the HSR opening can translate into both 673 

economic and environmental benefits. In fact, our research demonstrates that innovative 674 
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infrastructure projects create no tension between two arguably conflicting goals, economic 675 

and environmental performance. Investors, highly skilled labour, and innovators are 676 

attracted by the improved connectivity of  cities and regions, lower pollution levels, and 677 

improved climatic conditions, which stimulate GTFP. Therefore, it is imperative to factor 678 

in the full range of  economic, environmental, and social benefits when appraising 679 

innovative infrastructure projects. The Chinese government can also undertake public 680 

infrastructure projects to secure green and sustainable growth as a macroeconomic policy 681 

instrument. Also, promoting factor agglomeration through improved rail connectivity can 682 

help to alleviate social tensions that might arise due to intra -and inter-regional income 683 

disparities.     684 

Our study has a few limitations. We focus on the impact of  the HSR opening on GTFP in 685 

prefecture-level cities by taking a macro perspective. This perspective overlooks internal 686 

channels and micro-foundations. Whether the opening of  the HSR commands a change 687 

in business opportunities and an increase in entrepreneurial activity in prefecture-level 688 

cities can provide a promising avenue for future research using micro-level data and 689 

expanding the sample size. Further, this research does not necessarily account for the full 690 

range of  mediators for the HSR-GTFP relationship. Therefore, future research could 691 

expand the vector of  mediating variables. 692 
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Appendix 815 

Table A1. Data Sources and Description of  Variables 816 

Variable Name Measurement Source 

Green total factor 

productivity (GTFP) 

Global Malmquist-Luenberger Index 

approach to evaluate the green total factor 

productivity at the city level 

China City Statistical Yearbook 

The opening of high-speed 

rail (TREAT × AFTER) 

The value is 1 if the HSR is opened in city 

i in the t year; otherwise, it is 0. 

 

Railway Corporation and news 

reports / National Railway 

Administration announcements 

Urban size (US) Total urban employed population at the 

end of the year 

China City Statistical Yearbook 

Government intervention 

(GI) 

General budget expenditure of prefecture-

level city government 

China City Statistical Yearbook 

Urban economic 

development level (GDP) 

Per capita GDP of prefecture-level cities China City Statistical Yearbook 

Urban economic structure 

(ES) 

Proportion of prefecture-level city tertiary 

industry 

China City Statistical Yearbook 

Technological advance (TA) Number of patents granted by prefecture-

level cities 

China City Statistical Yearbook 

Carbon emission (CO2) Total urban carbon dioxide emissions China City Statistical Yearbook 

/ China Bureau of Statistics 

Sulphur dioxide emission 

(SO2) 

Total urban sulphur dioxide emissions China City Statistical Yearbook 

Haze pollution (PM2.5) Annual mean value of PM2.5 in 

prefecture-level cities 

Dalhousie University in 

Canada, Atmospheric 

Composition Analysis Group 

Urban Temperature 

(TEMP) 

Annual mean temperature of prefecture-

level cities 

Meteorological station data 

within the jurisdiction of 

prefecture-level cities 

Urban sunshine hours 

(SUN) 

Annual sunshine hours in prefecture-level 

cities 

Meteorological station data 

within the jurisdiction of 

prefecture-level cities 

Talent gathering (TG) Agglomeration location entropy of R&D 

personnel (full-time equivalent) in high-

tech industries 

China City Statistical Yearbook 

Investment gathering (IG) Proportion of urban foreign direct 

investment in national foreign direct 

investment 

China City Statistical Yearbook 

Green technology 

concentration (GT) 

Proportion of urban green patent 

applications to national green patent 

applications 

Patent Database of State 

Intellectual Property Office of 

China 
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