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How does the opening of high-speed rail drive
energy restructuring? New micro evidence
from China
Yanchao Feng 1, Juan Zhang1, Renfu Luo 2, Yuxi Pan1✉ & Shuhai Niu1✉

Against the dual backdrop of China vigorously promoting high-speed railways (HSR) con-

struction and establishing an ecological civilization system, HSR as urban transportation

infrastructure, is currently gaining growing attention from the academic community due to its

environmental benefits as well as its effects in energy conservation and emission reduction.

In this context, this research treats the initiation of HSR as a quasi-natural experiment,

meanwhile empirically examining the effect of HSR on energy structure restructuring and

exploring the micro-level channels through which it operates. The empirical results validate

the reduction effect of HSR opening on fuel energy consumption of industrial enterprises,

especially the usage of fuel coal. This highlight remains valid across a series of robustness

tests. Moreover, it is evident that the “driving effect” of enterprise technological innovation

capability and the “industrial upgrading effect” of enterprise relocation are effective trans-

mission pathways in the process of HSR opening influencing the adjustment of energy

consumption structure. Moreover, the unique characteristics of enterprise, industry, and

region introduce a certain degree of heterogeneity. The low-energy-consumption effect of

HSR is more pronounced in high-carbon industry enterprises, technology-intensive enter-

prises, firms engaged in innovation pilot cities, small to the medium-sized city and resource-

based city. This paper provides a new perspective on energy structure adjustment, con-

tributing to offering solid experiences and references for environmental governance in China

and other emerging economies.
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Introduction

The utilization of fossil fuels exerts a pivotal influence in the
industrial production of human society, and the global
geopolitical landscape exerts a substantial influence on the

dynamics of the global energy market (Antonakakis et al. 2017;
Ben Cheikh and Ben Zaied 2023). The Russia-Ukraine conflict is
a turning point in world history that has had a profound effect on
the international system, the global order, and the natural world
(Xin and Zhang 2023; Solokha et al. 2023; Pata et al. 2023; Chishti
et al. 2023). To diminish their reliance on Russian energy, major
energy-consuming nations across the globe have initiated changes
in the composition of their energy consumption, progressively
elevating the radio of green energy while concurrently reducing
reliance on fossil fuels (Abay et al. 2022; Ha 2023; Colgan et al.
2023). On the other hand, traditional fossil fuels, which are the
primary source of energy consumption, cause a variety of
environmental pollution issues, and energy conservation and
emission reduction have become a universal strategy (Adebayo
et al. 2020; Depren et al. 2022). Typically in China, a rapidly
developing country, the swift economic expansion has led to a
heightened consumption of fossil fuels. In 2020 General Secretary
Xi Jinping pledged to stop China’s carbon dioxide emissions from
growing by 2030. Therefore, improving energy efficiency, redu-
cing pollution emissions, and realizing a green economy are of
great practical significance to China and the world.

Transportation infrastructures have important positive sig-
nificance for the development of technology and industrial
structure (Gong et al. 2023; Liu et al. 2022; Lumeng et al. 2023),
and enhancing efficiency and service flexibility can contribute to a
decrease in energy consumption and overall costs within the
transportation system (Guo et al. 2016). As of 2023, the opera-
tional mileage of high-speed railways in China is projected to
reach 42,000 km, this milestone positions China as the country
with the most extensive high-speed railways operational mileage
globally (Huang and Zong 2020). Certainly, the effect of HSR on
the progress of industries and technologies with the aim of
reducing energy consumption is a question that warrants inves-
tigation and clarification.

In the realm of infrastructure research, existing literature
predominantly concentrate on investigating the effects of HSR on
economic efficiency and eco-efficiency (Li and Cheng 2022; Guo
et al. 2020; Li et al. 2023). In contrast, empirical knowledge to
study how HSR affects energy consumption is still limited. In
consideration of this, we consider the implementation of HSR in
China as a quasi-natural experiment and analyze its influence on
the environment. In detail, we adopt the difference-in-differences
model (DID) and difference-in-difference-difference model
(DDD) to evaluate the effect of HSR on energy consumption, and
then we utilize PSM-DID, placebo test, and other robustness tests
to verify the highlights. To our best knowledge, this paper may
provide three folds marginal contributions to existing literature:
firstly, our primary academic contribution lies in elucidating the
mechanisms through which the initiation of high-speed rail
influences energy restructuring. Furthermore, we aim to investi-
gate whether, and if so, how HSR affects the energy mix, pro-
viding insights to inform sustainable growth policies and
strategies. Secondly, existing research mostly pays close attention
to exploring macro level impact of HSR operation on human
capital flows and regional economic expansion. This paper takes
the study to the firm level, using industrial firm data and
industrial firm pollution data, and dissects the intrinsic
mechanism of HSR’s impact on energy restructuring based on the
micro level. From the aspect of the effect of HSR opening on
enterprises, it is verified that HSR achieves a change in energy
consumption structure through the technological upgrading effect
and industrial restructuring effect. Thirdly, this paper extends

research on the energy rebound impact at the firm level within
China’s industrial sector, utilizing data spanning from 2003 to
2012. The objective is to offer an objective foundation for policy-
making departments to formulate sensible and effective energy
policies. In summary, this study holds significant value for the
research on the sustainable growth impacts of HSR in China,
which offers policy recommendations and strategic implementa-
tion for the government.

The subsequent sections are organized as follows. Section 2
provides the literature review and the methodology and empirical
data are shown in Section 3. The detailed analysis and mechanism
analysis are represented in Section 4 and Section 5. Finally, the
crucial conclusions and policy implications are draw in Section 6.

Theoretical hypothesis
High-speed railways exert a direct influence on carbon emissions
through substitution effects. The transportation sector stands as
one of the largest consumers of energy (Li et al. 2019; Solaymani
2019). HSR represents a novel, low-energy transportation mode
that facilitates the achievement of emission reduction targets by
supplanting other high-energy modes of transportation (Rus
2009; Akerman 2011). If the electrical energy support for HSR
operations undergoes further decarbonization, it logically follows
that a more substantial reduction in emissions would be resear-
ched. Furthermore, by linking metropolises, economic develop-
ment centers, and other neighboring cities, HSR enhances
regional cooperation among cities and enhances the spatial allo-
cation of production factors (Tian et al. 2022). In turn, this has a
consequential effect on the progress of industries and technolo-
gies, subsequently influencing the energy consumption. Existing
studies suggest that technological innovation, changes in indus-
trial structure, and government intervention all play a role in
shaping the energy consumption structure of enterprises (Chen
et al. 2020; Fu 2018; Liu et al. 2021; Lu and Zhang 2022; Zhou
et al. 2022). This section analyzes how HSR affect enterprise
energy consumption through structural transformation and
technological innovation.

Technological innovation effect. The initiation of HSR greatly
compress spatiotemporal distance (Fan and Xu 2023), effectively
eliminates the barriers to factor flow that result from the limited
connectivity of traditional modes of transportation (Gao and
Zheng 2020; Komikado et al. 2021; Miwa et al. 2022), reducing
unnecessary losses in the spread of knowledge and technology.
The knowledge overflow effects will be established through the
stream of innovation elements between areas (Huang and Wang
2020), which in turn may produce learning, imitation, and
incentive behaviors among innovation subjects (Wang et al. 2022;
Zhang et al. 2020). Zhang et al. (2020) argue that HSR can
influence business innovation by improving geographic proxi-
mity. Innovation may pave the way for the adoption of more
energy-efficient technologies, phasing out outdated production
equipment with high-energy consumption, or fostering the
development of green products, consequently enhancing overall
energy efficiency (Yang et al. 2021). Secondly, the introduction of
HSR broadens the market scope for products, efficiently lowers
transaction costs for enterprises, leading to increased profits.
Consequently, enterprises with higher profits exhibit stronger
motivation for independent research and development, fostering
innovation and enhancing their technological capabilities (Zhang
and Zhou 2022; Zhou and Zhang 2022; Chien et al. 2021).
Technological progress has compelled enterprises to shift from a
trajectory of pollution growth to green growth. This transition
inevitably involves the phasing out of outdated, polluting energy
sources in favor of clean production energy, thereby achieving
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energy conservation and emission alleviation at the source of
pollution. (Mol and Spaargaren 2000).

Industrial structure effect. Industry has long been an important
factor in causing environmental pollution problems (Chen et al.
2021). The upgrading and translation of industrial structure takes
a crucial role in enhancing ecological quality (Su et al. 2022). The
increased demand for regional labor brought about by HSR has
raised corporate labor costs (Feng et al. 2023; Lan et al. 2023),
finally, when labor costs are too high, highly polluting enterprises
move to non-central cities. When pollution-intensive enterprises
in cities are forced to move to other areas due to cost pressures,
high-tech enterprises and service enterprises gain more room for
development (Wang et al. 2019a, 2019b). In comparison to pri-
mary and secondary industries, the service industry and high-tech
industries exhibit low pollution intensity characteristics. HSR
enhances the agglomeration of urban service industries and
facilitates the progress of emerging industries (Wang et al.
2019a, 2019b; Chen and Wang 2022), which can directly and
effectively reduce energy consumption intensity (Wang et al.
2019a, 2019b). Besides, some scholars pointed out that HSR may
induce new travel and consumption demand through the creation
effect, causing increased energy consumption and negative
influences on the environment (Du et al. 2020). Figure 1.
describes the theoretical mechanism of this paper.

Based on the above analysis, the following research hypotheses
are proposed:

Hypothesis 1: The initiation of HSR is conducive to the opti-
mization of energy consumption structure.

Hypothesis 2: The optimization effect of HSR on energy
structure mainly depends on technical innovation and industrial
structure.

Research design
Empirical model. To comprehend the influence of HSR expan-
sion on energy structure, we employed the DID and DDD model
to investigate the underlying nexus between HSR and the
adjustment of coal consumption and fuel oil consumption. The
benchmark regression model is shown as follows.

Yit ¼ βHSRit þ κtreati ´ t þ λ∑Xit þ αþ γþθ þ εit ð1Þ
where i and t describes the enterprise and the year. Y is the energy
consumption of the enterprise. HSR is a dummy variable of
whether the there is a high-speed railway in the place where the
enterprise is located. Xit represents control variables. α indicates

the city fixed effects, γ is year fixed effects, θ represents firm fixed
effects, and εit represents random disturbance terms.

Additionally, to explore the heterogeneity of the HSR operation
effect, we introduced the DDD model by incorporating the eci
and its interaction with HSR into the baseline model. This
approach is contributed to a more comprehensive identification
of the “net impact” of the energy consumption restructuring
associated with the HSR opening policy, thereby enhancing the
reliability of the evaluation conclusion from the DID model.

Yit ¼ β1HSRit ´ groupþ β2HSRit þ β3time´ groupþ β4treat ´ group
þ λ∑Xit þ αþ γþ θ þ εit

ð2Þ
where group is a grouping dummy variable that describes whether
the firm is a high-energy-consuming enterprise (eci), a technology-
intensive enterprise (tech), a labor-intensive enterprise (labor), a
capital-intensive enterprise (cap), whether the firm is located in a
small or medium-sized city (city), and whether the firm has
produced a new product (np). All the above variables are dummy
variables. Where eci takes 1 if the enterprise is a high-energy
consumption enterprise, and 0 otherwise; tech takes 1 if the
enterprise is technology-intensive, and 0 otherwise; labor takes 1 if
the enterprise is labor intensive, and 0 otherwise; cap takes 1 if the
enterprise is capital intensive, and 0 otherwise; np takes 1 if the
enterprise has produced new products, and 0 otherwise; if the firm
is located in a small or medium-sized city, then city takes 1,
otherwise it takes 0. time takes 1 in the year when the city
implement the HSR and the year after, otherwise it takes 0; treat
takes 1 when the city opened the HSR between 2003 and 2012,
otherwise it takes 0. Meanings of other variables refer to the Eq. (1).

Data and variables
Data source. Our data were mainly collected from dual sources,
including macro dataset and micro dataset. Firstly, the data
related to HSR is based on macro level, which is derived from the
China Railway Yearbook and the 12306 official websites. Sec-
ondly, the data related to the firm-level characteristics are sourced
from the China Industrial Enterprise Database and the Corporate
Green Development Database. This includes a range of control
variables and mechanism variables. Besides, we use the business
code, business name, postal code and location information to
match those two databases. The sample time span is from 2003 to
2012, and the number of matching samples is 477,568
observations.

Fig. 1 The graphical abstract of theoretical mechanism.
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Explained variable. Generally, energy consumption is commonly
regarded as a direct source of environmental pollution. Zhang
et al. (2013) highlighted that the dominance of coal in the energy
consumption structure has created a steadfast demand for energy
in support of China’s economic growth, consequently amplifying
CO2 emissions. Therefore, we introduced the consumption of fuel
oil and fuel coal as the explained variables in this paper and the
data are logarithmically processed.

Core explanatory variable. The status of whether HSR is open is
defined as 1 for cities in the year of HSR opening and subsequent
years. According to China’s official 2010 National Economic and
Social Development Statistics Report, there is six highly energy-
consuming trade. Set eci as a dummy variable that is 1 for highly
energy-consuming trade and 0 otherwise. Interact this variable
with whether the HSR is open or not (HSR_highcar).

Control variables. On the basis of the literature of Zhou et al.
(2020) and Chai et al. (2022), this paper introduces nine control
variables into baseline regression: enterprise age (X1); enterprise
scale (X2) is calculated by the natural logarithm of total assets;
practitioner scale (X3) is described by the company’s staff number
in logarithmic form; liquid liability (X4) is the share of total non-
liquidity liabilities to total assets; liquidity index (X5) is described
by the share of current debts to current assets; solvency index (X6)
is calculated by the ratio of debt to asset; financial costs (X7) is
calculated by the proportion of interest expense to debt; general
and administrative expenses (X8) equals the proportion of
administrative expenses to total profit; enterprise profitability
(X9) is calculated by the share of the sales profit to sales revenue.
The statistical description of variables can be found in Table A in
Appendix A.

Empirical results and analysis
Baseline regression analysis. This paper utilizes the DID model
to explore the influence of HSR opening on energy restructuring.
The estimation highlights are described in Table 1. Based on
columns (1) and (2), it is clear that the inhibitory effect of HSR
operation on the consumption of fuel coal and the inhibitory
tendency of HSR operation on fuel oil. Evidently, the positive
effect of HSR operation on energy structure adjustment is par-
tially established, namely hypothesis 1 is partially verified.
Moreover, in terms of the industrial feature of enterprises, we
adopt a DDD to examine the potential inhibitory effect of HSR on
industries with high-carbon characteristics, the results are
represented in columns (3) and (4). There is a clear and sizable

negative nexus between HSR opening and energy consumption in
highly energy-consuming trade.

Robustness test
Parallel trend test. In this section, we adhered to the methodology
proposed by Yang et al. (2019) and assess the parallel trends
assumption of the DID estimation:

Yit ¼ ∑
4þ

j¼�4þ
βjHSRit þ λ∑Xit þ αi þ γj þ εit ð3Þ

where t represents the time lag to the year of HSR operation
which equals zero. The parameter k takes values from −4 to 4,
where the positive value corresponds to a year after the operation
of HSR, while a negative value represents a year before the
opening. If the estimation in years before the opening are dis-
tinctly significant, it suggests a potential violation of the parallel
trend’s assumption. The results parallel trends are demonstrated
in Fig. 2 in the Appendix A.

According to Fig. 2A, the total coal consumption in the year of
opening of HSR shows an upward trend, decreasing in the initial
year, increasing in the next year, and finally showing a downward
trend, and this phenomenon may be corresponding to the energy
rebound effect. Existing experience shows that improving energy
efficiency does not always achieve the desired purpose of reducing
energy consumption, and may even increase energy consumption,
which Berkhout et al. (2000) refers to as the energy Rebound
Effect. Increased energy output lowers the production costs and
prices of energy and related products, resulting in increased
product demand and economic growth, while economic expan-
sion pulls energy demand, creating a rebound effect. However,
two years after the operation of HSR, the energy rebound effect
gradually diminished, and the introduction of HSR eventually led
to an obvious reduction in fossil fuel consumption. As can be seen
from Fig. 2B, the regression coefficients for HSR are not obvious
in the four years prior to and in the first year after the
implementation of HSR. The estimation parameter of HSR is
distinctly positive in the second year after the operation of HSR
and significantly negative after the second year. This may also be
related to the energy rebound effect.

Placebo test. To conduct a more comprehensive examination of
potential interference from unobservable factors in the results, we
adopt the method outlined by Li et al. (2016). We perform a
placebo test by randomly choosing cities where HSR is imple-
mented. An insignificant regression coefficient for the dummy
variable (HSR) implies that the decrease in fossil fuel

Table 1 The results of benchmark regression.

Variables lncoal lnoil lncoal lnoil

(1) (2) (3) (4)

HSR −0.075*** (−2.89) −0.067 (−0.47)
HSR_highcar −0.399*** (−14.38) −0.570*** (−4.23)
Control variables Yes Yes Yes Yes
ID fixed Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
City fixed Yes Yes Yes Yes
hthy fixed Yes Yes Yes Yes
City-Year fixed Yes Yes Yes Yes
hthy-Year fixed Yes Yes Yes Yes
ownership-Year fixed Yes Yes Yes Yes
Observations 185,511 12,126 185,511 12,136
R-squared 0.446 0.622 0.447 0.624

Robust standard errors in parentheses are clustered at firm level.
***p < 0.01.
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consumption is attributed to the introduction of HSR rather than
other unobservable factors. Simultaneously, to prevent the influ-
ence of rare events on regression outcomes, we performed 500
random samples for both coal consumption and fuel consump-
tion data. Subsequently, we repeated the regression using the
benchmark model (1). Figure 3 displays the probability density
distribution of regression parameters and their p-values following
500 random samples. The distribution appears almost symme-
trical, with an average value close to 0. Moreover, most p-values
exceed 0.1, indicating that statistically, most coefficients do not
significantly deviate from zero. Furthermore, the observed esti-
mated coefficient for the HSR opening falls within the realm of
small probability events in the kernel density plot from the
aforementioned placebo test. This demonstrate that the decrease
in fossil fuel consumption can be attributed to the introduction of
HSR. Consequently, it is reasonable to affirm that the estimated
results and central conclusions exhibit high robustness.

PSM-DID. The commencement of High-Speed Rail (HSR) might
exhibit some selective bias, making it challenging to effectively
fulfill the random sampling assumption of the DID method. To

mitigate the impact of selective bias and bolster the credibility of
the main conclusion, we adopt the address proposed by Miwa et
al. (2022). Additionally, employing the PSM-DID method for
supplementary validation is crucial. Utilizing the PSM method to
select the treat and control groups helps address sample selection
issues more effectively, thereby eliminating estimation bias in the
DID analysis. The key steps are as follows: First, enterprise age,
enterprise scale, practitioner scale, liquid liability, liquidity index,
solvency index, financial costs, general and administrative
expenses, and enterprise profitability as covariates. Moreover, a
logit model is carried out to estimate the propensity score. Then,
using intra-caliper nearest-neighbor matching (the caliper range
is set to 0.01), matching samples are selected on a 1:2 basis for
cities without HSR. Lastly, the usual support assumption to verify
the balance of the matched samples and delete the samples that
do not satisfy the conditions. After the above propensity score
matching is completed, the multi-period DID model is then
constructed for estimation, The results of the balance test are
reported with the kernel density estimation in Appendix B.
Columns (2) in Table 2 report the estimation of the multi-
temporal PSM-DID. It is evidence that the parameter of HSR are

Fig. 3 The results of placebo test.

Fig. 2 The results of parallel trend test.
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still obviously negative and not substantially differ from the
benchmark results, meaning that the adjustment effect of HSR
operation on energy restructuring is robust.

Replace variables. In above the baseline conclusion, this work
excludes the samples that have never opened HSR, the sample of
provincial capitals and cities above sub-provincial level, and the
sample of HSR cities three years before opening, respectively.

The estimation highlights are presented in Tables 3 and 4.
After replacing the environmental pollution variables, there are
no changes in the regression results and significance of HSR,
proving that the alleviating effect of HSR on fossil fuel consuming
is robust.

Heterogeneity analysis. Considering that the different develop-
mental entities may exhibit significant characteristics in terms of
energy structure demands, we hope to analysis the heterogeneity
of the construction of HSR on the energy restructuring in this
section. To further investigate whether the opening of HSR
exhibits distinct heterogeneity effects on specific subgroups, we
subdivide sample groups based on characteristics of enterprise,
industry, and region levels to assess the potential variations. The
results are presented in Table 3.

As for enterprise characteristics, our emphasis lies on two
aspects: the nature of corporate ownership and the innovation
capability of the enterprise. That is, we constructs two dummy
variables indicating whether an enterprise produces new products

Table 2 The results of PSM-DID.

Variables Benchmark PSM-DID Subsample

lncoal lncoal lnoil lncoal lnoil

(1) (2) (3) (4) (5) (6)

HSR −0.075*** (−2.90) −0.236*** (−21.48) −0.095** (−2.52) −0.150 (−0.71)
HSR-eci −0.446*** (−8.21) −1.036*** (−3.63)
Control variables Yes Yes Yes Yes Yes Yes
ID fixed Yes Yes Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes Yes Yes
City fixed Yes Yes Yes Yes Yes Yes
hthy fixed Yes Yes Yes Yes Yes Yes
Observations 185,511 220,668 31,816 2053 31,81 2053
R-Square 0.446 0.003 0.433 0.533 0.435 0.540

The setting of robust standard error is the same as the benchmark regression.
***p < 0.01, **p < 0.05.

Table 3 Heterogeneity analysis.

Panel A: The heterogeneity of enterprise characteristics.

Variables lncoal lnoil lncoal lnoil lncoal lnoil

(1) (2) (3) (4) (5) (6)

HSR_np −0.161*** (−3.27) 0.077 (0.43)
HSR_pro −0.038 (−0.57) −0.046 (−0.17)
HSR_highcar −0.055** (−1.99) −0.036 (−0.25)
Control variables Yes Yes Yes Yes Yes Yes
Fixed effect Yes Yes Yes Yes Yes Yes
Observations 185,511 12,136 177,265 11,551 177,265 11,551
R-squared 0.446 0.622 0.444 0.620 0.444 0.620

Panel B: The heterogeneity of industry characteristics.

HSR_tech −0.099*** (−2.72) −0.049 (−0.46)
HSR_cap −0.017 (−0.69) −0.200* (−1.87)
HSR_labor −0.011 (−0.51) 0.161* (1.81)
Control variables Yes Yes Yes Yes Yes Yes
Fixed effect Yes Yes Yes Yes Yes Yes
Observations 185,511 12,136 185,511 12,136 185,511 12,136
R-squared 0.446 0.622 0.446 0.623 0.446 0.623

Panel C: The heterogeneity of regional characteristics.

HSR_polit −0.144*** (−3.80) −0.237 (−1.01)
HSR_size −0.081* (−1.71) 0.118 (0.41)
HSR_type 0.074 (1.15) −0.802** (−2.56)
Control variables Yes Yes Yes Yes Yes Yes
Fixed effect Yes Yes Yes Yes Yes Yes
Observations 165,674 9990 185,511 12,136 165,674 9990
R-squared 0.446 0.637 0.446 0.622 0.446 0.637

The setting of robust standard error is the same as the benchmark regression. All heterogeneous regressions are controlled for ID fixed effect, year fixed effect, city fixed effect, and Hthy fixed effect.
***p < 0.01, **p < 0.05, *p < 0.1.

ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-02622-4

6 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:173 | https://doi.org/10.1057/s41599-024-02622-4



and whether the enterprise is state-owned correspondingly, and
introduce their interaction terms with the HSR in the regression.
It is evident that the influence of the opening of HSR on energy
restructuring exhibits certain heterogeneity due to variations in
enterprise characteristics. First of all, compared to others,
companies producing new products consume relatively less fossil
fuel under the backdrop of HSR opening, especially in terms of
coal consumption. This underscores the significance of techno-
logical advancement as a key factor in reducing fossil fuel
consumption. Enterprises engaged in the production of new
products typically employ advanced manufacturing processes and
equipment, which may result in a relatively higher energy
efficiency, reducing their dependence on traditional energy
sources (Shen et al. 2023). Meanwhile, enterprises with larger
technological proficiency are more likely to comply with and
adapt to environmental regulations. The opening of HSR may
bring about an increased environmental responsibility for
companies, and technological leaders are more likely to embrace
green technologies to reduce reliance on traditional energy
sources, potentially avoiding fines or other regulatory sanctions
(Li et al. 2022). By contrast, the heterogeneity of the effect of HSR
on energy restructuring are not evident across different owner-
ship characteristics of enterprises, according to the coefficients
from the regression analysis. It is undoubted that although stated-
owned enterprises generally play a crucial role in the Chinese
economy and often possess unique resources and policy
advantages, objectively, these advantages are not directly
correlated with the impact of HSR on the energy structure of
enterprises. In comparison, unstated-owned enterprises are
typically more flexible, allowing them to adapt more quickly to
changes in transportation costs and market opportunities (Huang
et al. 2023). This point may make them easier to undergo energy
restructuring.

As the features of industries are generally various, the opening
of HSR probably has various influences on them (Dong et al.
2022; Faggio et al. 2017). To investigate the heterogeneous
influence of HSR opening on reducing the fossil fuel consumption
of enterprises, we divided samples according to two industry
characteristics: the high-carbon industry and the industry factor
intensity. The corresponding dummy variables are introduced
into the DDD model to conduct the heterogeneity regression.
According to the regression results, it can be inferred that it
exhibits certain heterogeneity due to variations in industry
characteristics. Column (1) in panel B shows that the introduc-
tion of HSR distinctly reduces the fuel coal consumption of
technology-intensive firms, and although there exists a negative
association with fuel oil, it does not significant. The results in
column (3) indicate that the HSR operation significantly reduces

the fuel oil consumption of capital-intensive enterprises, but has
no significant effect on fuel coal consumption, and similar
highlight can be obtained from the results in column (5) for the
labor-intensive enterprise. Fossil fuels represented by coal and oil
directly produce pollutants such as CO2 and SO2 in the
production and utilization process, and such energy consumption
is a crucial cause of pollution discharge (Duranton et al. 2014).
Whether it is technology-intensive, capital-intensive, or labor-
intensive, the impact brought by HSR has significantly reduced
the fossil energy consumption of these enterprises and facilitate
the transformation of the energy structure.

Considering that cities along the HSR route exhibit diverse
characteristics in social, economic, and environmental aspects,
these features may influence the extent to which high-speed
railways affects traditional energy consumption. In this regard, we
analyze the potential heterogeneity from three folds, including
city size, urban innovation capability, and city type. Following the
aforementioned approach, we attempt to construct three
representative variables and introduced them into the estimation.
For small and medium-sized urban areas which have resident
population lower than 1 million, we assigned a value of 1, and for
other cities, it was set to 0. According to the China’s innovative
city pilot policy, we assigned a value of 1 to innovation pilot cities
and 0 to others. Regarding the natural resource endowment of
cities, we assigned a value of 1 to resource-based cities and 0 to
others. It can be visually observed that the heterogeneity effects
between HSR and traditional energy consumption are more
pronounced under different features of cities. As expected, the
construction of HSR effectually reduce the fossil fuel consuming
of enterprises in the small-medium cities and innovation pilot
cities, especially this inhibitory effect is more significant in the
coal consumption. In detail, innovative cities typically exhibit a
higher degree of industrial structure optimization and possess
robust digital infrastructure levels, which are more inclined to
leverage the convenience and low-carbon nature of high-speed
railways, making better use of its advantages in clean energy and
energy interconnectivity. Consequently, innovative cities can
reduce their reliance on coal and fuel oil consumption (Zhou
et al. 2023). In terms of the larger cities with higher technological
innovation capabilities and environmental awareness, their
energy structure may already be more diversified and low-
carbon (Xu et al. 2021). Therefore, the introduction of HSR may
not bring about significant changes or stimuli to industrial
production and energy consumption. On the contrary, the
operation of HSR in small-medium cities can enhance regional
connectivity and market openness, fostering product innovation,
and the adoption of renewable energy, consequently reducing
dependence on high-carbon sources like coal (Li et al. 2022;

Table 4 Micro mechanism test results: enterprise productivity gains.

Variables lnoutput lnsales lnoutput lnsales lnoutput lnsales

(1) (2) (5) (6) (7) (8)

HSR 0.020*** (6.30) 0.020*** (6.20)
HSR_np −0.026*** (−3.32) −0.025*** (−3.15)
HSR_highcar 0.019*** (4.24) 0.019*** (4.23)
Control variables Yes Yes Yes Yes Yes Yes
ID fixed Yes Yes Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes Yes Yes
City fixed Yes Yes Yes Yes Yes Yes
hthy fixed Yes Yes Yes Yes Yes Yes
Observations 369,818 369,835 369,788 369,771 369,818 369,835
R-squared 0.784 0.786 0.853 0.851 0.784 0.787

The setting of robust standard error is the same as the benchmark regression.
***p < 0.01.
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Zhang et al. 2023). Moreover, the suppressive effect of HSR on
traditional energy consumption is more distinct in resource-
oriented cities. Specifically, it is notably effective in curbing the
use of petroleum by enterprises in resource-based cities. The
reasons for this phenomenon may be attributed to the reality that
the opening of HSR stimulates economic development in
resource-oriented cities, increasing the demand and scale of
industrial production, thereby elevating the consumption of coal
by industrial enterprises (Wu et al. 2023). However, as a low-
carbon, efficient, and safe transportation mode, high-speed rail
effectively improves transportation conditions in resource-based
cities. It can partially substitute for less efficient and more energy-
consuming road transport, reducing dependence on and
consumption of fuel (Zhang and Hanaoka 2021).

Micro mechanism
The previous discussion exhibits the robust conclusion that HSR
can greatly decrease corporate reliance on fossil fuels. Thus, we
further analysis the specific mechanisms of HSR influences cor-
porate fossil fuel consumption to gain effectively policy
implications.

Impact of HSR on technological progress. To examine whether
the operation of HSR facilitates the enhancement of production
productivity and the technological progress, this subsection
introduces two proxies, including labor productivity and enter-
prise new products. The former is calculated by the industrial
sales output per capita (lnsales) and the total industrial output per
capita (lnoutput). According to the regression estimations, it is
clear that the construction of HSR is contributed to the labor
productivity of enterprises and the production of new products.
This key point is verified by some existing literature (Zhou and
Zhang 2022). As mentioned above, the implementation of HSR
significantly compresses temporal and spatial distances (Miwa
et al. 2022), meanwhile enhancing corporate competitiveness.
This is attributed to its effective promotion of technological
innovation and product development in enterprises. From one
perspective, the introduction of HSR dramatically shortens the
distances between cities, breaking barriers to the flow of high-tech
human resources, innovative capital, and information exchange
among cities along the rail line. The efficient transportation mode
provides more opportunities for the sharing of technological
resources and innovation collaboration among enterprises (Wang
et al. 2022). From another perspective, the availability of HSR
enables enterprises to respond more rapidly to market demands,
identify new opportunities for product research and development
by understanding market demands and trends, thereby
strengthening their competitiveness (Yang et al. 2019).

Subsequently, this section proceeds to an in-depth discussion
on the potential impact of enterprise heterogeneity via the DDD
method. From one aspect, we consider the dummy variable
indicating the production of new products (HSR_np) and
whether the enterprise belongs to high-carbon industries
(HSR_highcar), and the relevant results are shown in columns
5 to 8. It is evident the enterprises with higher initial innovation
levels after the opening of HSR have less labor productivity
improvement, thus, the construction of HSR plays a convergence
effect and reduce the productivity gap between innovative and
non-innovative enterprises. To further examine the industry
differences in enterprises upgrading driven by HSR, the highlights
in column (7) and (8) demonstrate that the opening of HSR
significantly increases productivity in high-carbon industries
compared to non-high-carbon industries. This also offers
empirical proof for the ability of the aforementioned high-
carbon industries to reduce energy consumption under the
implementation of high-speed railways.

Impact of HSR on the industrial structure upgrading. Referring
to the current literature, the high-speed railways exhibit a certain
“diversion” effect, whereby enterprises are motivated to relocate
from central cities to small and mid-sized urban areas along the
route, resulting in a notable industrial spreading effect (Chen and
Whalley 2012). Indeed, the changes in industrial structure and
production scale can be regarded as the most direct ways to
impact industrial energy use and carbon emissions (Adom et al.
2012). In this regard, it is necessary to explore the potential nexus
between HSR and enterprises’ entry and exit, as well as industrial
structure adjustments.

As stated above, this subsection applied the proxies of the entry
rate (fentry) and the exit rate (fout) of urban industrial firms to
represent the situation of enterprises’ entry and exit, especially the
enterprises in the high-carbon industries, including its entry rate
(indentry) and the exit rate (indout) of urban industrial firms.
Based on the estimations in Table 5, it is clear that the
construction of HSR does greatly promote industrial relocation.
The primary reason for this phenomenon is that the introduction
of HSR tightens the connections between various cities and
regions. Enterprises can strategically reallocate based on their
needs and market advantages, achieving optimized resource
allocation. Meanwhile, due to the convenience of high-speed
railway connections, some high value-added industries are more
likely to attract investments and talents, which helps guide
resources towards high-tech, high value-added industries, thereby
enhancing the overall industrial structure of the region. There-
fore, from this perspective, HSR can alleviate the consumption of
fossil fuels through the path of industrial structure adjustment
and optimization (Shen et al. 2023). Therefore, hypothesis 2 is
evidently established.

Table 5 Enterprise entry and exit test results.

Variables fentry fout indentry indout

(1) (2) (3) (4)

HSR 0.015*** (22.20) 0.011*** (15.88) 0.008*** (2.63) 0.037*** (24.60)
Control variables Yes Yes Yes Yes
ID fixed Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
City fixed Yes Yes Yes Yes
hthy fixed Yes Yes Yes Yes
Observations 373,356 372,624 373,356 372,624
R-squared 0.507 0.489 0.499 0.355

The setting of robust standard error is the same as the benchmark regression.
***p < 0.01.
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Conclusions and policy suggestions
Conclusions. Under the background of China’s comprehensive
step into the era of HSR, the increasing effect of HSR not only on
the economic level and technology level, but also on the energy-
consuming structure is beginning to emerge. In this paper, we
map the data of Chinese industrial enterprises with the of
industrial pollution and use a quasi-natural experiment with the
data from 2003 to 2012 to systematically explore the impact of the
opening of HSR on energy consumption and its intrinsic
mechanism of action using a multi-period DID approach. Our
empirical analysis has several highlights: (1) High-speed railways
opening significantly reduces firms’ fossil energy consumption,
and the core conclusion still hold after robustness tests; (2) The
differences in characteristics among enterprises, industries, and
regions are the sources of heterogeneity in the low-energy-
consumption effects of high-speed railways. Specifically, the
introduction of HSR significantly reduces the traditional energy
consumption of technology-intensive enterprises, capital-
intensive enterprises, and high-carbon industry enterprises.
Meanwhile, this inhibitory influence is more pronounced in small
to medium-sized cities, innovation pilot cities, and resource-
oriented cities. (3) The mechanism verification shows that HSR
reduces the total fossil energy consumption of enterprises by
promoting industrial structure upgrading, enhancing innovation
level and promoting enterprise upgrading.

Policy suggestions. According to the above research conclusions,
the following policy recommendations can be put forwarded.
Firstly, the government should facilitate the construction of HSR
and expand the coverage of the railway network, which is bene-
ficial for further exerting non-economic benefits such as energy
restructuring and low-carbon transformation brought about by
HSR. The construction of HSR is a high-input, high-tech project,
and there is a certain time lag in its completion return. Secondly,
cities with different sizes should effectively realize the effect of
energy saving and emission alleviation brought about by the
introduction of HSR from various paths according to local con-
ditions. For cities with small population sizes, HSR brings the
inflow of production factors such as technology, so it should
steadily promote the coverage of HSR in small and medium-sized
cities. Third, the government should also focus on the progress of
ecological protection and stimulates industrial transformation
and upgrading. It is essential to optimize the industrial structure
and encourage enterprises to transform and upgrade. Considering
the heterogeneity of HSR on the energy consumption of different
classes of enterprises, that HSR opening can reduce energy con-
sumption for technology-intensive firms and capital-intensive
firms while raising the consumption of fuel oil for labor-intensive
firms, it is feasible to adjust the proportion of different types of
enterprises in the industry to reduce overall energy consumption.
Local governments ought to facilitate the radio of technology-
intensive industries and capital-intensive industries based on
vigorously developing green technologies, giving priority to pro-
moting the progress of low-carbon, ecological-friendly
industries and encouraging the transformation of traditional
industries.

Data availability
The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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