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This study develops difference-in-differences (DID) models to examine the direct and indirect effects of high-speed railway (HSR)
operation on the urban gross domestic product (GDP) and its agglomeration. The period from 2010 to 2019 is selected as the study
period, and 30 HSR-operating cities across the Chinese mainland are chosen as the study sites to be investigated. Individual fixed
effects and time fixed effects are introduced to panel data models to account for the heterogeneities between cities and the
endogeneities of explanatory variables. Estimation results suggest that the operation of HSR can improve the development of the
urban GDP by accelerating the migration of population to HSR-operating cities, promoting the upgrading of the urban industrial
structure, and improving the level of urban scientific research. Moreover, the level of urban economic agglomeration can also be
improved as a result of HSR. However, the ability of HSR-promoting economic development is more significant in cities with
more developed economies. Therefore, when formulating a sensible plan for the development of HSR, policymakers should
prioritize the construction of HSR in more developed cities.

1. Introduction

High-speed railways (HSR) have earned widespread rec-
ognition as a fast, safe, and comfortable intercity trans-
portation mode [1]. This transit form significantly improved
the overall travel satisfaction for passengers [2, 3]. Over the
past decade, the mainland of China has witnessed a notable
surge in the development of HSR. As of the end of 2019,
China possesses the world’s most extensive HSR network,
encompassing an operational distance exceeding 35,000
billion kilometers [4].

Concurrently, the rapid expansion of HSR has ignited
a surge of scholarly investigations worldwide into the
spillover effects generated by this transportation mode [5-7].
A profound understanding of the economic externalities
associated with HSR is paramount, as it empowers us to
conduct a comprehensive assessment of its spillover effects
on the economy. Moreover, these economic externalities

provide invaluable insights for the formulation of policies
and regulations concerning HSR. For instance, un-
derstanding how HSR influences land use and property
values can guide decisions related to zoning and urban
development policies. Therefore, grasping the exogenous
factors that influence HSR is of paramount importance for
policymakers endeavoring to devise a more pragmatic
strategy for HSR development [8-10].

Investigating the spillover effects of various modes of
transportation has been widely studied by the scholars, and
an excellent study system has been established. Econometric
model plays an irreplaceable role in such studies [11-14].
Currently, the primary models used for analyzing the
spillover effects of rail transit are the panel data model
[2, 15], spatial econometric model [6, 16-20], and DID
model [21-24]. Table 1 lists some of the research on eco-
nomic externalities associated with HSR and urban rail
conducted using these three models. Panel data include
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observational data for the same group of subjects at different
time points and/or different locations, encompassing both
spatial and temporal dimensions. Thus, the panel data model
aids in identifying the effects of time trends, observed in-
dividual differences, and endogeneity, thereby providing
a more comprehensive understanding and quantification of
the impact of projects such as the economic externalities of
HSR [30, 31]. Failure to capture the impact of policies at
a certain time node is a drawback of the panel data model
[15, 32]. Spatial econometric models focus on the in-
terrelationships of influencing factors within geographic
space [6, 35]. While the DID model allows for causal in-
ference, i.e., it enables the determination of the impact of the
opening and operation of HSR on urban economies by
examining the changes in various economic indicators in
cities before and after the HSR is introduced. The DID model
is employed in this paper. Our research introduces two
noteworthy modeling innovations. First, we utilize multiple
robustness testing methods to enhance the credibility of the
causal relationships derived from the DID model. These
methods strengthen the basis for drawing meaningful
conclusions. Second, within the factors affecting the DID
model, we introduce a virtual HSR operation time to control
for unobservable factors that might otherwise affect the
urban economy. These refinements contribute to a more
robust analysis of the spillover effects of HSR on urban
economies.

However, due to the different stages of HSR development
and variations in urban economic foundations, the impact of
HSR on economy varies across cities [34]. Many studies
indicate that the economic effects of transportation in-
frastructure are positive for highly developed cities, as the
accessibility and connectivity of HSR can promote economic
growth in these cities. However, for some smaller cities, the
agglomeration and suction effects of HSR may lead to talent
outflow [15]. Previous studies on heterogeneity have pri-
marily focused on a geographical perspective [27, 35], while
our paper will approach the economic development het-
erogeneity brought about by HSR from the standpoint of
a city’s development level, providing insights for maximizing
the positive externalities of HSR. Specifically, we will explore
the regional heterogeneity of HSR from two aspects: the
impact of HSR operation on cities at different economic
levels and which economic level of cities is more sensitive to
HSR operation.

Most studies investigating the spillover effects of HSR or
other modes of transportation on urban economy are usually
empirical, meaning that although the positive externalities of
HSR have been identified, the underlying mechanism of
these externalities has not been fully understood yet [36, 37].
In addressing this issue, we have incorporated the flow of
population, urban industrial structure, and scientific re-
search level as intermediate variables in the models. These
intermediate variables are introduced to shed light on the
underlying mechanisms of the spillover effects of HSR on
urban economies. Urban population serves as a critical
indicator of the scale and dynamism of a city, which could
influence how HSR impacts labor markets, demand for
goods and services, and overall economic growth. City

industrial structure reflects the composition of economic
activities within a city, and variations in this structure may
mediate the effects of HSR by determining which industries
benefit the most from improved connectivity. Scientific
research level represents the knowledge and innovation
capacities of a city, which may be affected by enhanced
accessibility through HSR and, in turn, influence the city’s
economic development. By introducing these intermediate
variables, this study aims to delve deeper into the intricate
mechanisms that drive the spillover effects of HSR on urban
economies. It is anticipated that the analysis of these me-
diating variables will contribute to a more comprehensive
understanding of the multifaceted dynamics in the re-
lationship between HSR and urban economic development.

In summary, this work has three main innovations. First,
we develop three robustness methods to verify the causal
relationship derived from DID model. Second, the hetero-
geneity analysis is conducted to explore the impact of HSR
operation on cities at different economic levels and which
economic level of cities is more sensitive to HSR operation.
Finally, unlike other empirical studies, intermediate vari-
ables are introduced to shed light on the underlying
mechanisms of the spillover effects of high-speed rail (HSR)
on urban economies.

To conduct a comprehensive analysis mentioned pre-
viously, this study puts forward three hypotheses of the
relationship between HSR and urban gross domestic
product (GDP), as shown in Figure 1, and verifies these
hypotheses by statistical data analysis and modeling. These
hypotheses, elucidating the impact of HSR on urban GDP
and its underlying mechanisms, are progressively layered.

Hypothesis 1. The operation of HSR can directly contribute
to the growth of urban GDP.

On the one hand, the introduction of HSR in a city
facilitates more convenient intercity travel for residents,
significantly amplifying the quantity and scale of economic
activities. Thus, the overall economic situation will be im-
proved. However, due to the siphoning effect of HSR, talent
and markets may relocate to other areas with more de-
veloped economies. Similar to the exogeneities of HSR on
urban air quality [38, 39], the spillover effects of HSR on
GDP may exist heterogeneity for cities with different de-
velopment levels. Therefore, it is necessary to investigate
whether the effects of HSR on cities at different de-
velopmental stages differ.

Hypothesis 2. The urban GDP promoted by HSR exists
heterogeneities among different cities.

On the other hand, cities may exhibit varied responses to
the construction and expansion of HSR. For cities with more
developed economic level, HSR may have a greater effect.

Hypothesis 3. The operation of HSR can promote the de-
velopment of urban GDP by affecting several intermediate
variables.

Furthermore, the operation of HSR may have indirect
effects on urban GDP. As shown in Figure 1, HSR can
accelerate the flow of population to the city where the
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Ficure 1: The mechanism of the effects of HSR on urban GDP.

high-speed rail operates, promote the upgrading of urban
industrial structure, improve the level of urban scientific
research, and thus promote the development of urban GDP.
The indirect effects are often ignored in several relevant
studies; hence, the positive effects of HSR have been
underestimated.

The remainder of this paper is organized as follows. The
statistical data are collected and preliminary analyzed in
Section 2. Section 3 introduces common DID model and
establishes two-stage DID model to study the direct and
indirect effects of HSR on urban GDP. Section 4 presents the
regression results of the models, and the robustness of the
results is tested. The heterogeneities of HSR on cities with
different development level are further analyzed. The con-
clusions are presented, and relevant policy suggestions are
put forward in Section 5.

2. Data Description

To mitigate the impact of regional heterogeneity on the
estimation results, thirty cities on the mainland of China
which operated HSR by the end of 2019 are selected as
study sites. Figure 2 depicts the spatial distributions of
these cities. The selection of studied cities is based on two
criteria: First, their distribution aligns with that of the
HSR network, with a concentration of cities in the eastern
region. Second, we prioritize provincial capitals and
municipalities in the selection process. However, certain
provincial capitals like Hohhot were excluded due to
insufficient data. Given the rapid development of HSR in
mainland China over the past decades, our research
spans from 2010 to 2019 to capture this transformative
period.

The economic variables reflecting the development level
of the city are the explained variables of interests in this
study. In order to measure the economic level of the city, we
select real gross domestic product (GDP) instead of nominal
GDP. Compared with nominal GDP, real GDP can more
accurately reflect the quantity of goods that citizens can buy
with their income, making it a more accurate indicator of the
urban GDP’s level. Real GDP agglomerates spatially, which
could reflect the extent of economic agglomeration in a city,
as illustrated by equation (1) and Table 1.

GDP;
GDPag;, = = L (1)

it

where A;, denotes the area of city i in year ¢.

HSR variables are the main independent variable in this
study. According to Chang et al. [4], we use 0-1 dummy
variables (i.e., HSR;;) to describe whether city i introduces
HSR in year t. Furthermore, a number of cities connected by
HSR for city i in year ¢ (i.e., HSR_ line;) are introduced to
measure the service level of HSR in the city more accurately,
as shown in Table 2.

In order to examine the indirect effects of HSR on urban
GDP, three mediating variables are taken into account in this
study. We select resident population instead of registered
population to measure the flow of population. Compared
with resident population, registered population is more
sensitive to policy, resulting in estimation bias. When a city
is sufficiently attractive, its resident population will imme-
diately increase significantly. Nevertheless, the change of
registered residence population has a certain lag. Conse-
quently, studying the effect of HSR on the urban GDP via
resident population is a more accurate method. We use Ind
calculated through equation (2) to measure the industrial
structure of city i in year t.

RT;,
RS,

Ind; = (2)
where RS denotes the proportion of added value of sec-
ondary industry in GDP. RT represents the proportion of
added value of tertiary industry in GDP. The greater the
value of Ind, the more industrial structure is transferred to
the tertiary industry. STE is introduced to reflect urban
scientific research level. Generally speaking, the more the
government invests in the science and technology industry,
the more developed the science and technology industry.
Moreover, several control variables are chosen to avoid
estimate bias, as indicated in Table 1. Due to the lack of data,
some data are filled through expectation maximization (EM)
algorithm. To mitigate the potential impact of multi-
collinearity on the estimation results, variables that exhibit
strong correlations are excluded from the analysis. Figure 3
presents the Pearson coeflicients for all variables evaluated
on the basis of equation (3). The darker color block indicates
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FiGure 2: Distribution of the studied cities.

TaBLE 2: Studied variables.

Variables Explanation Units
. . GDP Gross domestic product Billion yuan
Explained variables GDPag GDP agglomeration level %
Explanatory variables of interest HSR 0-1 Dummy variable -,
P Y HSR_line Number of cities connected by HSR Individual
Pop Population Thousand individuals
RP
Mediating variables RS Proportion of added value of each industry in GDP %
RT
STE Expenditure on science and technology Million yuan
First
Second City level —
Third
PP
PS Proportion of employees in each industry %
. PT
Control variables EMP Employment rate %
EE Education expenditure Million yuan
T The number of teachers People
S Number of higher education institutions Individual
Pvol Passenger volume by all modes of transportation Million people
Cvol Cargo volume by all modes of transportation Million ton
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a higher linear correlation. The elements on the diagonal are
all black, because the collinearity of the variable and itself is
one. Figure 3 displays a strong relationship among HSR,
GDP, and the mediating variables. However, the causal
relationships need to be further studied by establishing DID
models after removing interference caused by other factors.

Y2 (X - X) (Y, - Y)
VI (X - X)X, (Y; - ¥

where X and Y denote two variables that are selected to
calculate their correlation.

Pearsony y =

(3)

3. Modeling Study

Taking Zhang [24] as a reference, we initially establish
a multiphase DID model to explore the economic impact of
HSR, as follows:

In GDP,, = a;HSR;, + X1+ t; + A, + & (4)
where GDP;; denotes the economic development level of city
i in year t. X;, is a vector composed of control variables
illustrated in Section 2. According to Tao et al. [20], when
determining the spillover effects of transportation modes in
city level in China, y; ought to be regarded as fixed effect
instead of random effect. Therefore, y; represents individual
fixed effect that differs across cities, and A, denotes time fixed

Journal of Advanced Transportation

Pearson coeflicients of the studied variables.

effect which measures the change of years in this research. ¢;
presents random interference term. «; measures the causal
elastic relationship between HSR;; and GDP;,. However, due
to the endogenous problems of independent variables and
confounding dynamics, the robustness of estimate results
regressed by equation (4) needs to be tested. This study
employs three methods to verify the robustness of the model.
If strong spatial correlations exist among the studied cities,
spatial econometric models are better appropriate for the data
than DID models. Consequently, the first method is to calculate
the Moran’s I index and Geary’s C index of each variable, as
given in equations (5) and (6), in order to measure the spatial
autocorrelation degree of studied variables. The value of
Moran’s I is between —1.000 and 1.000. When Moran’s
I>0.000, a positive spatial association exists between the
studied variables. The larger the absolute value of Moran’s I, the
more obvious the spatial correlation of the variables. Geary’s C
typically ranges between 0.000 and 2.000, with Geary’s C< 1
indicating a spatial positive correlation for the variable.

Z?=12?=1wij (x; - E)(xj B X)

Moran’sI = —
N Zi:IZi:Iwij

) (5)

(n- 1)27:127:11”11'(951' - xj)2 .
2(2?:12?:1“’1,‘) [Z?:I (x; = x)z]

Geary’sC = (6)
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The second method is changing the explained variable to
GDP;,. If the quantitative relationship and the elastic re-
lationship are both positive and significant, the causal re-
lationship is verified. The third method is setting virtual HSR
open years. The regression results of equation (1) cannot be
accepted even though they are significant if GDP;, is im-
proved by other invisible factors affecting GDP;, at the same
time of HSR. The main idea of the third method is to set
virtual HSR open years to avoid such a situation, as shown in
equation (7). If a, is insignificant, the causal relationship
between HSR and urban GDP is verified, indicating that
HSR, instead of other invisible factors, affects urban GDP.
While if «, remains positive and significant, it is other
influencing factors instead of HSR that promote the de-
velopment of urban GDP.

T
In GDPit = aZHSRvirtual_it + Xit/; Ut At + & (7)

Equations (8) and (9) show the two-stage DID model
that can be regressed using 2SLS method. M, is the me-
diating variables introduced in Section 2. Equation (8)
represents the first-stage regression that measures the effects
of HSR on mediating variables. Equation (9) is the second-
stage regression investigating the impacts of mediating
variables to urban GDP. In case «; and «, are all positive and
significant, HSR affects mediating variables and then im-
proves urban GDP. The indirect effects of HSR can be found
and proved in this way.

M;, = s HSR; + Xﬂﬁ + i+ A+ & (8)

InGDP,, = a,M;, + Xop +t; + A + &, (9)

4. Regression Results

In this section, the DID models are first applied to in-
vestigate the spillover effects of HSR on urban GDP and its
agglomeration. Thereafter, the three methods mentioned
above are employed to test the robustness of the regression
results. Then, the heterogeneities of HSR on cities with
different development levels are further analyzed. Finally,
the indirect impacts illustrated in Figure 1 and the mech-
anism of HSR promoting urban economic development are
identified.

4.1. General Results. Tables 3 and 4 present the estimate
results of equation (6). Table 3 shows the effects of HSR on
urban GDP. The values in brackets are the p value of each
coefficient. The values in brackets in the subsequent tables
have the same meaning. The main explanatory variable is
HSR in columns 1, 3, and 5, and it changes to HSR _line in
columns 2, 4, and 6. Column sl and 2 do not introduce
control variables. Columns 3 and 4 add control variables into
the model, and columns 5 and 6 add individual fixed effects
and time fixed effects. The coefficients of HSR and HSR _line
are all positive and significant, indicating that the operation
and expansion of HSR can effectively promote the devel-
opment of urban GDP. After adding the fixed effects and the

control variables into the model, the R square significantly
improves, indicating that it is essential to take them into
consideration. The values of HSR and HSR_line decrease
after adding control variables, implying that if the effects of
other factors and the influences of individual and time are
ignored, the effects of HSR on urban GDP will be over-
estimated. In Table 3, all the fixed effects and the control
variables are put into the regression progress. In columns 5
and 6, the coefficients of HSR and HSR line are all positive
and significant at 0.01 level, which demonstrates that the
construction of HSR is able to promote urban GDP re-
markably. HSR can increase the GDP of a city by 14.200%,
and for each additional HSR line, the urban GDP will in-
crease by 7.200%. The opening and operation of HSR makes
the intercity travel more convenient for citizens, hence in-
creasing economic activities between cities and promoting
economic growth.

The exogeneity of HSR on urban economic agglomer-
ation is presented in Table 4. Each column in Table 4 has the
same meaning as shown in Table 3, except for the explained
variable In GDPag. Columns 5 and 6 clarify that the op-
eration of HSR can significantly promote the economic
agglomeration of a city. The opening of HSR can increase the
economic agglomeration level of the city by 14.200%. The
economic agglomeration level of the city will increase
7.200% on average when a new HSR line is constructed in the
city. In the past decade, the majority of Chinese cities have
developed at a high speed.

The land area of the city has expanded rapidly. Despite
this, HSR still contributes positively to the development of
GDP, even when urbanization is considered. HSR can sig-
nificantly and comprehensively promote the development of
urban GDP.

From Tables 3 and 4, it can be concluded that HSR may
efficiently and considerably enhance both the city’s eco-
nomic development and its agglomeration. Section 1’s
Hypothesis 1 is proven. However, as demonstrated in
Section 3, the results cannot be accepted if they are not
robust, even if the coefficients are significant and positive.
Therefore, it is necessary to assess the robustness of the
estimate findings regressed by DID models to confirm their
availability.

4.2. Robustness Tests. 'Three methods are applied to verify the
robustness of estimate results obtained in Section 4.1. Table 5
presents the results of spatial correlation analysis of each
variable of interest. All variables’ Moran’s I index is close to
0.000 and Geary’s C index is close to 1.000. Furthermore, the
coeflicient of each index is not statistically significant at 0.01
level, which indicates that the spatial correlations of the
studied variables are insignificant. It is appropriate to em-
ploy DID model for regression.

The regression results of the second and third methods
are presented in Table 6. Columns 1 and 2 replace the
explained variable with GDP, while columns 3 and 4 replace
the explained variable with GDPag. The coefficients of HSR
and HSR_line remain positive and significant at 0.01 level,
confirming the robustness of the results regressed in Section
4.1. Column 5 in Table 5 has the same meaning as column 5
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TaBLE 3: The causal elastic relationship between HSR and urban GDP.

Dependent variables

In GDP

(1) (2) (3) (4) (5) (6)
HSR 0.496 (0.000) 0.137 (0.000) 0.142 (0.000)
HSR_line 0.126 (0.000) 0.069 (0.000) 0.072 (0.000)
Control variables No No Yes Yes Yes Yes
y; and A, No No No No Yes Yes
Constant 1.522 (0.000) 1.580 (0.000) 0.719 (0.029) 0.595 (0.039) 1.206 (0.026) 0.868 (0.033)
R? overall 0.124 0.329 0.882 0.869 0.852 0.838
R? within 0.294 0.670 0.779 0.873 0.782 0.875
R? between 0.102 0.326 0.901 0.869 0.869 0.843
City 30 30 30 30 30 30
Year 10 10 10 10 10 10
Observations 300 300 300 300 300 300

TaBLE 4: The causal elastic relationship between HSR and urban economic agglomeration.

Dependent variables In GDPag

1) (2) (3) (4) (5) (6)
HSR 0.496 (0.000) 0.152 (0.000) 0.142 (0.000)
HSR line 0.126 (0.000) 0.071 (0.000) 0.072 (0.000)
Control variables No No Yes Yes Yes Yes
; and A, No No No No Yes Yes
Constant ~3.141 (0.000)  —3.082 (0.000)  —3.653 (0.000)  —4.084 (0.000)  —3.456 (0.000)  —3.793 (0.000)
R? overall 0.099 0.244 0.676 0.645 0.579 0.544
R? within 0.294 0.668 0.778 0.873 0.782 0.875
R? between 0.114 0.312 0.670 0.630 0.577 0.541
City 30 30 30 30 30 30
Year 10 10 10 10 10 10
Observations 300 300 300 300 300 300

TaBLE 5: The results of the first method.

Variables Moran’s | p value Geary’s C p value
GDP ~0.022 0.462 1.027 0.328
In GDP 0.003 0.215 0.956 0.170
Pop 0.014 0.088 0.905 0.159
In Pop 0.035 0.047 0.898 0.030
RS —0.047 0.276 1.023 0.343
RT -0.070 0.106 1.055 0.177
STE —-0.026 0.496 1.052 0.247

in Table 2. Column 6 changes HSR to HSR ;.- From the
comparison of column 5 and column 6, it can be found that
the coefficient of HSR turns insignificant when replacing
HSR with HSR ;> indicating that HSR, not other influ-
encing factors, promotes the growth of the urban GDP.

In this section, three methods are used to confirm the
robustness of the regression results, and it can be concluded
that HSR has injected vitality into the urban GDP and
agglomeration. However, different cities may benefit dif-
ferently from the opening of HSR [40]. Therefore, the
heterogeneities of HSR on cities with different development
levels ought to be investigated.

4.3. Heterogeneity Analysis. City level is a measurement
standard indicating the complete development level of a city
on the Chinese mainland. Hence, this study selects city level

to divide the studied cities. Table 7 presents the heteroge-
neity analysis of HSR. Columns 1 and 2 show the economic
effects of HSR on first-tier cities, columns 3 and 4 denote the
economic effects of HSR on second-tier cities, and the
economic effects of HSR on third-tier cities are shown in
columns 5 and 6.

Different from Hypothesis 2 presented in Section 1,
although heterogeneities exist in the ability of HSR pro-
moting urban GDP among different cities, these abilities are
largest in the third-tier cities, followed by the first-tier cities
and the second-tier cities. This phenomenon is strongly
related to the indirect effects of HSR on urban GDP.
Compared with the first-tier cities and the second-tier cities,
the populations of the third-tier cities are relatively fewer,
and the urban infrastructure is better developed and suitable
for every citizen. In addition, the industrial structure of the
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TaBLE 6: The regression results of the second and third methods.

. GDP GDPag In GDP

Dependent variables

@) ) €) (4) ) (6)
HSR 320.954 (0.000) 0.041 (0.000) 0.142 (0.000)
HSR _line 110.876 (0.000) 0.016 (0.000)
HSR; 0 0.009 (0.649)
Control variables Yes Yes Yes Yes Yes Yes
y; and A, Yes Yes Yes Yes Yes Yes
Constant 615.902 (0.000) —967.040 (0.098) —0.761 (0.000) 1.060 (0.059)
R? overall 0.074 0.513 0.035 0.003 0.852 0.000
R? within 0.116 0.753 0.043 0.482 0.782 0.362
R? between 0.079 0.456 0.051 0.018 0.869 0.003
City 30 30 30 30 30 30
Year 10 10 10 10 10 10
Observations 300 300 300 300 300 300

TaBLE 7: Heterogeneity analysis between HSR and urban GDP.
. In GDP

Dependent variable

@ @) 3 4 ) (6)
HSR 0.225 (0.068) 0.156 (0.000) 0.933 (0.009)
HSR line 0.080 (0.000) 0.075 (0.000) 0.134 (0.003)
Control variables Yes Yes Yes Yes Yes Yes
; and A, Yes Yes Yes Yes Yes Yes
Constant 1.430 (0.789) 0.645 (0.829) 0.999 (0.062) 0.655 (0.110) 17.972 (0.039) 3.714 (0.320)
R? overall 0.487 0.539 0.762 0.686 0.022 0.259
R? within 0.786 0.929 0.789 0.876 0.975 0.982
R? between 0.619 0.204 0.763 0.628 1.000 1.000
City 5 5 23 23 2 2
Year 10 10 10 10 10 10
Observations 50 50 230 230 20 20

third-tier cities has more room for development. As a con-
sequence, when HSR opens in the third-tier city, it will
improve the economic development of city in a more effi-
cient way. However, this does not mean that priority should
be given to the development of HSR systems in the third-tier
cities, as the construction of HSR network should not be
divorced from the basic principle of passenger demand.
From heterogeneity analysis, we derived several interest
conclusions and had some new problems. To explore the full
potential of HSR, it is vital to investigate the fundamental
mechanisms of HSR’s contribution to the urban GDP.

4.4. Indirect Impacts. Equations (7) and (8) provide an ef-
ficient method for determining how HSR influences the
urban GDP. The indirect effects of high-speed rail on
metropolitan economies are shown in Table 8. In columns 1,
2, and 3, urban population serves as the mediating variable.
In columns 4, 5, and 6, the industrial structure is introduced
as the mediating variable. In columns 7, 8, and 9, expen-
diture on science and technology is used to examine indirect
effects.

The regression results presented in Table 8 demonstrate
that HSR has the potential to facilitate population migration,
expedite the transformation of urban industrial structure,
and enhance investments in science and technology within

cities. First, urbanization is closely associated with increased
economic activity, and as economic activity expands, it
inevitably contributes to the growth of the urban GDP.
Second, the transformation of the industrial structure leads
to a higher proportion of the tertiary industry. The ex-
pansion of the tertiary industry, particularly the service
sector, not only generates significant economic activity but
also stimulates growth in other industries. Third, innovation
serves as a driving force for urban economic development.
The city’s investment in science and technology plays
a crucial role in enhancing its economic vitality. HSR in-
directly supports the growth of the urban GDP through
these three factors. Therefore, Hypothesis 3 has been
confirmed.

In order to maximize the positive impact of high-speed
rail on urban economic development, cities must make
adequate preparations for the following aspects before
opening or expanding high-speed rail: (1) ensure that urban
infrastructure is sufficient to accommodate expected pop-
ulation growth, (2) prepare for industrial restructuring, and
(3) the government should provide sufficient funds for
technological innovation. These measures will enable high-
speed rail to play a more comprehensive role in the eco-
nomic development of cities. The introduction of HSR
systems may have negative consequences on cities with
inadequate infrastructure. This is due to the siphon effect,
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where more people migrate from these cities to other lo-
cations, resulting in a redistribution of production resources.
This outcome serves as a warning to policymakers. There-
fore, when expanding a country’s HSR network, it is crucial
to consider the development level of each city rather than
blindly connecting every city on the map. A well-
thought-out HSR development plan should aim to maximize
the positive externalities of HSR while minimizing its
negative effects to the greatest extent possible.

5. Conclusions

This study develops DID models to assess the effects of HSR
operation on the urban GDP. The panel data consist of thirty
cities operating HSR by the end of 2019, covering the period
from 2010 to 2019. Panel data model is applied to investigate
the causal elastic relationship between HSR and urban GDP
and agglomeration, respectively. The regression results are
evaluated using three methods. In addition, the ability of
HSR promoting urban GDP exists heterogeneities among
cities with different development levels. Also, mediating
variables play an important part in the effects of HSR on
urban GDP. The innovation of this study can be summarized
into the following three aspects.

(1) HSR Economic Externality Clarification. We em-
phasize the significance of understanding the eco-
nomic externality of HSR in assessing its impact on
the economy and its role in informing policy
decisions

(2) Comprehensive Econometric Modeling. Our study
employs robust econometric models, including panel
data and spatial autoregressive models, aiming to
mitigate bias and enhance the accuracy of
estimations

(3) Mechanistic Insights into HSR Effects. We propose
and test three progressive hypotheses regarding the
relationship between HSR and urban GDP, con-
tributing to a deeper understanding of the mecha-
nisms through which HSR influences urban
economies

Indeed, HSR can have significant impacts on urban GDP
and agglomeration. First, HSR can contribute to the growth
of urban GDP. The strongest impact is observed in third-tier
cities, followed by first-tier and second-tier cities. This
pattern suggests that HSR can bring more opportunities for
economic activities, such as increased business interactions,
trade, tourism, and investment, to these cities. As a result,
the urban economies in these areas can experience con-
siderable growth. Second, HSR facilitates the migration of
people to urban areas. Improved connectivity and reduced
travel time provided by HSR make urban areas more at-
tractive for both individuals and businesses. This influx of
people can stimulate urban development and moderniza-
tion. Additionally, HSR can encourage the upgrading of
urban industrial structures by attracting new industries,
promoting innovation, and fostering economic di-
versification. Finally, the presence of HSR contributes to
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enhancing the quality of urban scientific research. By
connecting cities and improving accessibility, HSR enables
researchers and academics to collaborate more easily across
different urban areas. This collaboration facilitates the ex-
change of knowledge, expertise, and resources, thereby
improving scientific research and innovation in urban
centers.

To optimize the function of HSR and maximize its so-
cietal benefits, policymakers should consider the following
measures. Investing in urban science and technology is
crucial to harness the potential of HSR. This includes
supporting research institutions, promoting innovation
hubs, and fostering a culture of scientific inquiry. By fo-
cusing on science and technology, cities can attract talent,
foster entrepreneurship, and drive economic growth. In
addition, policymakers should encourage the upgrading of
urban industrial structures. This involves attracting in-
dustries with high value addition, promoting sustainable
practices, and supporting the development of knowledge-
intensive sectors. By diversifying and modernizing their
industrial base, cities can improve productivity, create
employment opportunities, and enhance their competi-
tiveness. Finally, given the population upsurge resulting
from HSR, investments in urban infrastructure are imper-
ative to meet the escalating needs of residents and busi-
nesses. This includes expanding transportation networks,
developing residential areas, improving public services, and
ensuring access to amenities. Adequate infrastructure de-
velopment ensures that urban areas can accommodate the
increased demand and provide a high quality of life for their
residents. In summary, HSR can indeed promote urban GDP
and agglomeration. By focusing on urban science and
technology development, upgrading industrial structures,
and constructing necessary infrastructure, policymakers can
optimize the benefits of HSR and support sustainable urban
development. However, it is important to note that, due to
the lack of data, the direct effects of HSR are not investigated
in this research, which needs to be studied in the
future work.
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