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With the rapid development of high-speed railway (HSR), many scholars have studied
the competition between HSR and aviation or inter-city coach, but few studies have
discussed the supply-service relationship within the railway system. This paper
explores the competition and cooperation between HSR and conventional
railway (CR) at the city-pair level of 39 core cities in China from the temporal
perspective. Comprehensive considering the departure time and arrival time
between city pairs as the representation of train service quality, we find that the
proportion of superior quality service of high-speed train (HST) is far higher than that
of conventional train (CT). However, the time slots representing the competition
degree show that CR with fewer superior quality trains is easier to be replaced than
HSR. The supply-service relationships of the railway system indicate that HSR has
become the main transportation mode between core cities, and the CR, as an
auxiliary transportation, shows a certain complementary effect in the temporal
perspective. Spatially, HSR and CR services are more likely to generate temporal
competition on the mainline, but temporal complementarity between city pairs on
non-arterial lines. This study can provide inspiration for regional spatial planning by
better understanding the operation strategy of railway passenger transport system.

KEYWORDS

intercity competition modes, supply service quality, substitutability degree, highspeed
railway, conventional railway

Highlights

e A new method to identify the supply service relationship between high speed railway
(HSR) and conventional railway (CR) is proposed.

e We propose a method to divide train service quality based on time availability.

e We find the characteristics of quantity and quality of HSR and CR are very different.

e The supply service relationship between HSR and CR shows that they have cooperation
potential in terms of time.

1 Introduction

As a physical connection between cities, railway is one of the most important basic
conditions for urban development. High-speed railway (HSR), as the most significant
technological breakthrough of railway system since 1964, has greatly shortened the intercity

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2023.1057812/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1057812/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1057812/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1057812/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2023.1057812&domain=pdf&date_stamp=2023-01-26
mailto:yfliu610@yeah.net
mailto:yfliu610@yeah.net
https://doi.org/10.3389/fenvs.2023.1057812
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2023.1057812

Zhang et al.

travel time (Spiekermann and Wegener, 1994; Shaw, Fang, Lu, and
Tao, 2014). Because of its high accessibility and high frequency, HSR
generates substitution effect by attracting passengers from other
transport modes, which leading to a reallocation of the passenger
market (Lee and Chang, 2006; Zhang et al., 2018; Wang et al., 2020b;
Yang et al., 2018a). For example, China has built the world’s largest
HSR network after more than 10 years of rapid development, making
the proportion of railway passenger traffic in 2020 to be 4.4 times that
in 2010. In addition, HSR also reduces CO, emissions and haze
pollution by influencing the intercity traffic patterns (Jiang et al,
20215 Li et al., 2022). However, the high construction and operation
costs of HSR cannot be ignored by government departments and
urban planners. Therefore, exploring the competition and cooperation
between HSR and other intercity traffic modes is an important
research issue for regional sustainable development and
transportation optimization.

The impacts of HSR on air travel have been analyzed in many
countries due to the high speed characteristics of two transport modes
(Dobruszkes et al., 2014; Castillo-Manzano et al., 2015; Delaplace and
Dobruszkes, 2015; Zhang et al., 2018). In recent years, the impacts of
HSR on the railway system have gradually attracted the attention of
scholars. For example, the change of passenger flow indicates that the
development of HSR has a strong substitution effect on conventional
railway (CR) in China due to the time-saving advantages of HSR
(Cheng and Chen, 2021). But CR is still the best choice for cities with
lower population density and poor socioeconomic performance (Shaw
etal.,, 2014). Recent studies have shown the importance of cooperation
between HSR and CR in improving travel efficiency and achieving
spatial and social equity (Zhang. H et al, 2020; Huang and Zong,
2022). However, although some studies have compared the similarity
and difference of the spatial pattern between HSR and CR from
accessibility or network structure (Zhang. H et al, 2020; Huang
and Zong, 2022), the exploration from the time dimension has not
yet been seen. Therefore, it is necessary to deeply study the operation
strategy of railway passenger transportation system from the
perspective of time.

Traditionally, the
management strategy of public transport supplier (Burghouwt
and de Wit, 2005; Dobruszkes, 2011; Huang and Wang, 2017),
which scholars have used to conduct a large number of empirical

schedules reflect the operation and

studies. For example, while there is potential temporal competition
between China’s HSR and airlines, the two have complementary
spatial and temporal effects in resisting different types of hazards
(Wangetal., 2020b; Li and Rong, 2022). In the railway system, train
schedules show that the service intensity of HSR and CR are
complementary in terms of spatial distribution (Huang and
Zong, 2022). Railway departments operate more frequent high-
speed trains (HST) during the peak hours of passenger travel
(Wang et al., 2020b), but the characteristics of time slot between
HST and conventional trains (CT) have not yet received attentions.
To fill this gap, this paper explores the supply-service relationship
between HSR and CR at the city-pair level based on train schedules,
in order to better understand the competition and cooperation
strategy of railway system. In addition, this paper measures the
service quality level by comprehensively considering the departure
time and arrival time of trains to distinguish the homogeneous
train service in previous studies. And we assume that the smaller
the time slot of departure time, the greater the degree of
competition between HST and CT in the same city pair.

Frontiers in Environmental Science

10.3389/fenvs.2023.1057812

As the HSR is mainly designed to connect large cities, in general,
core cities benefit more from HSR than peripheral cities (Levinson,
2012; An et al., 2022). In addition, studies have shown that the core
layer is the densest cluster in the railway network structure (Zhang. H
etal,, 2020), carrying most of the traffic flow (Huang and Zong, 2022).
Therefore, we attempt to enrich the research on HSR and CR supply-
service relationships among core cities, and take 39 core cities with
high administrative level or high population in China as research
objects. Under the study objectives above, this paper 1) analyzed the
distribution characteristics of service intensity of the HST and CT
between core city-pairs, 2) distinguished the service quality types of
HST and CT which determined by both departure time and arrival
time, and 3) measured the level of substitutability between HST and
CT from time slot perspectives. Furthermore, according to the
quantity and quality of trains, the improved classification method
identifies relationships between HSR and CR at the city-pair level,
including single mode dominant type, cooperation complementary
type and competition type.

The structure of this paper is as follows: Section 2 reviews the
existing researches on the relationship between HSR and other
transportation modes; Section 3 introduces the development of
HSR in China and the research methods in this paper. Section 4
presents the results; Section 5 discusses the policy implications of the
relationship between the two rail services; and Section 6 draws
conclusions.

2 Literature review

The emergence of HSR has directly shortened the space-time
distance, and indirectly changed the intercity travel mode. Empirical
studies in many countries show that the construction of HSR can
significantly improve the accessibility between cities (Shaw et al., 2014;
Wang, 2018; Weng et al., 2020), making some governments strive for
HSR stops. Due to differences in geographic regions and population
sizes, the impacts of HSR development on economic growth are
uneven (Guo et al.,, 2020; Jiao et al, 2020; Zhang. F, et al., 2020).
With the advantages of low price compared with air and time saving
compared with CR, HSR has led to the redistribution of market share
by attracting passengers from other transportation modes (Gonzilez-
Savignat, 2004; Lee and Chang, 2006; Yang et al., 2018a). In addition,
studies have shown that HSR has become an important tool to
promote regional integration by providing convenient intercity
which
transportation needs (Cascetta and Coppola, 2015). For example,

travel services, in turn will generate new intercity
due to the high housing prices in Beijing and the convenient HSR
services with surrounding small cities, a number of passengers have
taken HST as their daily commuter. However, HSR is not always the
best choice for low-density and economically underdeveloped areas
due to the huge cost of construction and operation.

Many studies have explored the competitiveness of intercity
transport from different perspectives, including individual trips,
changes in passenger traffic, and provision of services. For
individuals, although the influence degree of each factor varies
depending on the travel distance, transportation mode choice is the
result of the combination of transportation mode attributes, travel
attributes, and individual passenger attributes (Castillo-Manzano
et al, 2015; Lee et al, 2016; Li. X. W et al, 2021). Specifically,
passengers with higher education levels, higher income levels, or
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business trips are more likely to choose comfortable and time-saving
transportation modes, such as HSR and airline. While passengers who
are concerned about travel costs and are not time-sensitive are more
likely to choose CR or intercity coach (Wang et al., 2017; Zhou et al.,
2019). In terms of passenger traffic, HSR is more competitive in cities
with better social economy, regardless of whether it is compared to
airline or CR (Yang et al., 2018a; Yang et al., 2018b; Cheng and Chen,
2021). Empirical evidence shows that HSR is the most competitive
compared to airline when the travel distance is within 500-800 km
(Chen, 2017). In China, the substitution effect of HSR on CR varies
spatially in different corridors (Huang and Zong, 2022). In terms of
supply, the frequency change in the time dimension and the travel
time change in the space dimension of HSR have a significant impact
on air passenger flow (Yang et al., 2018a). Considering the high cost of
HSR, railway operators need to adjust the service frequency of HSR to
cover the cost.

In addition to competition, HSR has great demand and
potential for cooperation with other transportation modes,
including multimodal combined transport and
complementation. From the perspective of individual travel, the
combined of multiple transportation modes can significantly
improve the accessibility and transportation efficiency of the
whole journey chain. For example, integrated railway stations
can realize rapid transfer between HST and CT, which
significantly improve the efficiency of the railway system
(Zhang. H et al,, 2020). In addition, the effective connections
between HSR and urban public transport can significantly
shorten the total travel time (Huang and Zong, 2021), making
up for the lack that HSR stations are far away from urban centers
(Wang et al, 2013; Diao et al., 2017). Therefore, the travel
efficiency will be further improved with the construction of
comprehensive stations that can serve multiple transportation
modes. In terms of spatial cooperation and complementarity,
HST services in China are more concentrated in regions with
better socio-economic performance, while CT services are better
at providing more extensive geographical coverage (Huang and
Zong, 2022). As for temporal coordination and complementation,
HST and air services coordinate and facilitate round-trip travel.
Further, the space-time complementary effect of multiple traffic
modes can improve the robustness against different types of
hazards (Li and Rong, 2022).

In recent years, the importance of HSR services has been
recognized, and many scholars have shifted from location-based
network structures to timetable-based service characteristics. On
one hand, location-based reachability often overestimates the
results due to ignoring the intensity differences of services
between nodes (Moyano et al, 2018). On the other hand,
location-based evaluations only reveal the potential of transport
network configuration, which cannot reflect the actual operational
characteristics of traffic facilities. Fortunately, the availabilities of
more and more operation schedules make it possible for scholars to
explore transportation services from the perspective of suppliers.
For example, small cities in Europe and China are underserved by
HSR due to insufficient potential markets (Moyano and
Dobruszkes, 2017; Huang and Zong, 2022). In addition, traffic
dispatching not only affects the competition of multimodal
transport (Dobruszkes et al., 2014; Castillo-Manzano et al,
2015; Lee et al.,, 2016; Broman and Eliasson, 2017), but also
affects the time competition across transport modes (Espinosa-
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Aranda et al, 2015). Previous studies have investigated the
competition between HSR and flights between cities by using
the time window method, which only considered the departure
time (Wang et al., 2020D).

To sum up, the introduction of HSR will have great impacts on the
market share and service supply of other transportation modes.
Therefore, exploring the competition and cooperation among
different
optimizing transportation services. Existing studies have carried out

transportation modes is of great significance for
a lot of researches on the relationship between HSR and airline, while
the relationship between HSR and CR in the railway system has not
received enough attentions. Although scholars have explored the
spatial distribution of HSR and CR, they are limited to differences
in spatial network structure and spatial service distribution. The
relationship between these two transport services has not been
analyzed from the perspective of time. Therefore, we interpreted
the competition and collaboration between HSR and CR supply
services from a time perspective. This study not only enriches the
empirical research of comparative analysis of different intercity traffic,
but also has important significance for optimizing the railway service
system.

3 Background and methods
3.1 Development of Chinese railways

Since the reform and opening up from 1978, in order to better
serve the development of urbanization, China’s traditional railway
lines have rapidly formed the main trunk lines shown in Figure 1A.
China released the HSR construction plan in 2004 (revised in
2016), and opened the first high standard HSR line between
Beijing and Tianjin in 2008. In order to relieve the pressure on
CR from the growing passenger demand, the Chinese government
usually arranged HSR lines to be parallel to the existing CR lines
(Figure 1B). The construction of China’s HSR network is long-term
and balanced, and the opened lines gradually expand from large
cities to small and medium-sized cities and inland areas (Perl and
Goetz, 2015; Xu et al., 2018). At present, “the four-horizontal and
four-vertical HSR trunk lines” have been put into operation, and
“the eight-horizontal and eight-vertical HSR lines” are also being
gradually opened. The latest research shows that China’s train
service presents a complex hierarchical network (Xin and Niu,
2022), and core cities have a large number of HST services and CT
services at the same time (Huang and Zong, 2022). Therefore, this
paper takes cities with high administrative level or urban
permanent population larger than one million in mainland
China as core cities, including 39 cities in Figure 1, which is the
research object of this paper.

As shown in Table 1, there are seven types of train number initials
in the train timetable. The minimum planned running speed of the
train prefixed with C\D\G is 200 km/h, which is called HST in this
paper. CT include four types of railway trains, but the maximum speed
is only 160 km/h. The Chinese government regards HSR as an
important tool to improve railway transport capacity (Wu et al,
2014). Therefore, the number of HST in service is increasing year
by year, while the number of CT is experiencing a gradual decline.
G-type trains are the most in operation between core cities, and HST
accounts for three-quarters of the total trains (Table 1).
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FIGURE 1
Spatial distribution of CR lines (A) and HSR lines (B) in operation in 2020.
TABLE 1 Classification of train types.

Train prefix G- D- C- Z- T- K- Pure number
Max speed 350 300/250 250/200 160 140 120 100
Train type HST HST HST CT CT CT CT

Trains Number 2,383 1,158 565 189 121 932 62

3.2 Data and network construction

Since the railway timetable is adjusted at a certain time, and the
schedule of 1day is fixed for a period of time, we obtained
the domestic railway timetable of September 2020 (http://www.
12306.com), which can represent the daily dynamics of intercity
railway service arrangement. The location of the railway station
was found on Baidu map (https://map.baidu.com). Geographic
vector data obtained from 14 million basic topographic
China.  The

administrative location coordinates of core cities selected are

maps, including national boundaries in
also from Baidu map, which is used to calculate the distance
between cities.

The train schedule directly reflects the connections between
stations. We first used the P-space model to build the connection
networks of HSR and CR. Subsequently, we simplified the station
connection network to the city connection network according to the
station attribution. We noticed that some cities may have more than
one railway station. For example, Wuhan has three railway stops:
Wuhan Station, Wuchang Station and Hankou Station. In the
process of simplifying the network, we ignored the connection
between stations in the same city, and considered the connection
between multiple stations of the same train between two cities as only
one connection. We defined city pairs with only one service as
OnlyHSR/OnlyCR city pairs, while city pairs with both HST and CT
services are defined as overlapping city pairs. For actual travel,
passengers need to choose a way of overlapping city pairs
according to their own conditions. Therefore, it is necessary to
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further explore whether these two railway services are competitive
or complementary in overlapping city pairs from a temporal
perspective.

3.3 Methods

3.3.1 Supply service intensity

The supply service intensity is measured by the train frequency
widely used in current research (Jiao et al., 2017; Wang et al,
2020b). For a city pair, the obtained supply service intensity is the
number of trains between the departure city and the arrival city in
1 day, which can be obtained from the train schedule. For a city, we
no longer emphasized the directionality of service supply, and
measured the service intensity with the sum of the train frequency
of the city as the departure endpoint and the arrival endpoint, as

shown below.
n n
Ti= ijl,j #iLij + ijl,j #iLJ'i

Where T; represents the total intensity of supply services
obtained by city i, and the higher the value, the more important

1

the status of city i in the network. L; represents the frequency of
trains which taking city i as the departure city and city j as the
arriving city, and L; is the opposite. The total number of nodes in
the service network is n, that is, the 39 selected core cities. In
addition, we use relative strength (Limtanakool et al., 2007; Yang
etal, 2019) to compare the spatial differences of supply services, as
shown below:

04 frontiersin.org


http://www.12306.com
http://www.12306.com
https://map.baidu.com
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1057812

Zhang et al. 10.3389/fenvs.2023.1057812
ool oloNoNoNoNololololololololoNoNoloNoloNoNo N
Depattirefing © o o o a2 QIO 090 00090 00090
TANOTOUDOMNODOODOTTNMOITOLOMNOVDOOT~—NOMT
X e e e e ew e e (OO OO N
Too early Superior time period Too Ilate
Superior service
Moderate service|
Poor service
Too early
T T T T T T T T T T T
amvaltime 88888888888
~TANOFTBDONO®DO —
=~
FIGURE 2
Classification methods of railway service quality.
RSL: = L; @) to differences in the quality service provided by the same train between
K Dol different city pairs.
n
T, ) 3.3.3 Measures of substitutable index
RST; = 3

Where RSL;; is the ratio of the supply service intensity of a city pair to
the average intensity of all city pairs in the same network. RST; is the
supply service intensity of a city, and its calculation method is
consistent with RSL;. If the relative intensity is greater than 1, it
means that the supply service intensity of the city pair or the city is
higher than the average level.

3.3.2 Definition of supply service quality

This paper defines the service quality of trains from the perspective
of time, which is different from that characterized by topology and
number of trains (Zhang. F et al, 2020). Railway scheduling
determines the availability of train services in terms of time, which
in turn influences passenger travel mode choices (Dobruszkes et al.,
2014; Castillo-Manzano et al., 2015; Lee et al., 2016). Many empirical
studies of door to door full journey show that the time spent before
and after the train can not be ignored. Therefore, we believe that the
time when passengers can connect with public transport is the
superior time period of trains. In China, although the service time
of bus or subway varies slightly in different cities or seasons, we find
that it is usually between 6:30-22:30. Therefore, we defined this time
period as superior service time.

This study defined the service quality provided by the train based
on the departure time and arrival time. As shown in Figure 2, the color
of the arrow represents the service quality types. Specifically, if the
time of train T1 in departure city i and destination city j are both
within the superior time period, it is considered that T1 provides
superior service for city pair ij. If only the departure time or the arrival
time is within the superior time period, it is considered as a moderate
service, including 4 situations. If the departure time and arrival time
are both not within the superior time period, it is considered to be a
poor service, which also includes 4 situations. It is worth noting that
the stopping time of a train at different stations varies, which may lead
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Broman and Eliasson (2017) proposed that the competition
took place between trains with similar departure times. In this
paper, considering the quality of train services, it is recognized that
only superior train services can compete (Borenstein and
Netz, 1999). Put forward an index to quantify the time
difference, the Time Difference Index (TDI), which refers to the
the
transportation modes. For example, if an HST is scheduled at 8:
00 a.m. and a CT is scheduled at 22:00 p.m., in this case, the TDI
value is equal to 14. Since we define the superior service time as 6:

absolute difference between departure times of two

30 to 22:30, the maximum TDI is 16 h. Superior overlapping city
pairs, that is, city pairs with both superior quality CT and HST, are
the objects that need to measure TDI. We calculate the TDIs
between all superior HSTs and CTs in the same city, and
calculate their average and minimum values, as shown in the
following formula.

szl 211 |THST,m - TCT,nl
MN

TDI i = IIT\AHII\} |THST,m - TCT,n|

TDIy. =

)
©)

Where TDI,ye and TDI 1, represent the average and minimum values
of all TDIs in the same city, respectively. Tust,m and Tcr,, represent
the departure time of the mth superior HST and the nth superior CT of
the city pair, respectively. The service frequencies of the superior HST
and superior CT of this city pair are M and N, respectively. In general,
the smaller the TDI,y., the closer the departure times between HST
and CT for this city pair. A larger TDI ,,;, means that the schedules for
HST and CT are less likely to overlap.

Some studies have suggested that different transportation modes
with TDI less than 1h are substitutable (Wang et al, 2020b).
According to this scheme, we regard HST and CT services with
TDI less than 1h as mutually replaceable, and count the
frequencies of HST and CT that can be replaced according to the
city pair, as shown below.
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Where RNjj,, indicates whether the mth HST or the nth CT in city
pair ij has a CT/HST that can be replaced, and t represents the radius
of the time window, which is set as 1 in this paper. RNilj{ST and RNgT
represent the number of replaceable HST trains and CT trains for
city pair ij, respectively. RI; represents the comprehensive
substitutability of the two services for city pair ij. The larger the
value, the higher the probability that the HST and CT services on the
city pair can be replaced, and the more intense the competition
between the two railway services. Q?ST and QgT represent the
number of superior HST and superior CT service trains for city
pair ij, respectively.

3.3.4 Classification of relationship types

Some studies have explored the relationship between different
transportation modes, including spatial relationship or temporal
relationship (Wang et al., 2020b; Huang and Zong, 2022). For the
relationship types, it is generally considered that they can be classified
as single transportation mode dominant, multi-modal coordination
and complementary type, and multi-modal competition type.
However, there is no consensus on the specific method of
classifying relationship types, which needs to vary depending on
the indicators measured in the study. Therefore, according to the
general cognition, this paper divides the relationship between HSR
and CR into the above three types. By referring to relevant studies
(Wang et al, 2020b) and combining with the specific indicators
measured in this paper, we propose a method to classify the
supply-service relationship between HSR and CR at the city-pair
level from the temporal perspective, as shown below. It is worth
noting that the classification of relationship types is only for
overlapping city pairs with superior HST and superior CT at the
same time.

The first step can distinguish the dominant type of single railway
model. For some city pairs, the number of superior HST in a day may
be significantly larger or smaller than that of CT, indicating that
intercity travel is dominated by a single train mode. Taking into
account the Pareto principle (Craft and Leake, 2002), we defined HST
as dominant when HST accounts for more than 80% of the total
superior service for a city pair. On the contrary, the city pair is
considered to be the CT dominant type when the proportion of
superior CT exceeds 80% of the total superior services. It is
possible that the city pairs with different single-model dominant
have very different characteristics, which is why rail providers use
different approaches to primarily serve them.

The second step distinguished is the type of coordination
complementarity. Coordination complementarity as defined in
existing studies implies the integration or maximization of benefits
between different transportation modes (Givoni and Banister, 2006;
Jiang and Zhang, 2014; Xia and Zhang, 2017). However, the
coordination complementarity defined in this paper is for the TDI
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of departure time between HST and CT in a city pair. If the minimum
TDI is large, it means that the train can serve passengers at different
times for 1 day, which meeting the travel needs of different travel
periods. Based on the thinking of time slot in previous studies (Wang
et al,, 2020b), we also divided city pairs with TDImin greater than 4 h
into coordination complementary types.

In the third step, the competition types of the two railway services
are divided. The competition in this paper is defined from the
perspective of passengers. If the time slot of HST and CT in the
same city pair is small, passengers need to consider choosing one, in
which case there is competition between the two rail services. For
different city pairs, we note the significant differences in the degree of
competitions. Therefore, we further divided the competition into full
competition, partial competition and slight competition according to
the minimum TDI and substitutability index measured in 3.3.3. In this
process, the substitutable index is graded based on a three-point scale,
as shown in the following 3 steps. 1) Full competition: TDImin is
within 1h, and the substitutable index is greater than 0.67. Not only
the departure times of HST and CT between these city pairs are close,
but also the frequency of substitutable trains is high; 2) Partial
competition: TDImin is within 1h, and the substitutable index is
between 0.33-0.67 or TDImin is greater than 1h but less than 2 h,
indicating that the degree of competition between HST and CT of
these city pairs is moderate; 3) Slight competition: TDImin is within
1 h, but the substitutable index is less than 0.33 or TDImin is greater
than 2 h but less than 4 h, which means that there is less competition
between HST and CT for these city pairs.

4 Results
4.1 Distribution of supply service intensity

As shown in Figure 3A, B, the HSR network has higher service
intensity and CR network covers a wider space. CR network serves
1,137 city pairs among all core cities, while HSR network only
includes 810 city pairs. The HSR network mainly connects cities
in the southeast of Hu Huanyong Line, with a daily average
frequency of 19.96. The CR network has a long distance feature,
which makes the average distance between city pairs reach
1276.22 km. But 76.67% of the city pairs have a relative strength
lower than 1. Generally speaking, the service intensity of the two
networks are both limited by the distance. The greater the distance
between cities, the lower the service intensity. However, there are city
pairs with large distance but high service intensity in both networks.
For example, the distance between Urumgqi and Xi’an in CR network
exceeds 2,100 km, while there are still 16 traditional trains every day.
And the distance between Beijing and Shanghai in the HSRnetwork
is close to 1,100 km, while there are nearly 50 high-speed trains
every day.

The relative service intensity of HSR is more advantageous in the
south, while CR is more advantageous in the north. As shown in
Figure 3C, there are 412 OnlyCR city pairs, but their relative strength
is relatively low, and only 2 city pairs have RSL exceeding 2. Some
OnlyHSR city pairs have higher RSL, with Fujian-Xiamen having the
highest value, close to 5. For overlapping city pairs, the relative
intensity of the two services varies greatly, with 76.41% of them
having higher CR service intensity. According to the spatial
distribution of service intensity, we found that the high CR
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railway modes.

service city pairs represented by the green circles are generally
located in the northern region, while the high HSR service city
pairs represented by the red circles are generally located in the
southern region. In addition, some cities have very low HSR and CR
frequencies (shown by the yellow circles), indicating that these two
services work together to meet the transportation needs of these city
pairs.

For cities, the daily train service intensity of the two networks is
very different. On the whole, the average daily train frequency of
each city in CR network is 359.74, while the value of HSR is as
high as 872.92. Specifically, in CR network, the values of relative
service intensity in Zhengzhou, Beijing and Shijiazhuang are
greater than 2. In the HSRnetwork, the service intensity values
of Nanjing, Shanghai and Guangzhou are more than twice the
average. As shown in Figure 3D, compared with the CR network,
the relative intensity of cities in the HSR network are quite
different, with the most significant increase in Hefei and
Nanjing (green circle), while the most significant decrease in
Shenyang and Lanzhou (red circle). This means that the two rail
service levels are spatially unbalanced. Some cities represented by
the Yangtze River Delta region have better HSR services, while
some cities represented by the three northeastern provinces have
more advantages in CR services.
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4.2 Time based quality of HST and CT services

The time structure of train operation reflects the quality
characteristics of supply service. The daily departure and arrival
rhythm of trains in HSR and CR networks are quite different.We
aggregated the number of departing and arriving HST(CT) per hour in
a day from the train schedule, as shown in Figures 4A, B. In HSR
network, the trend of departure and arrival rhythm changes with time
is the same, but the changing time nodes are different. The number of
HST departures and arrivals both surged from 6 a.m, and the peak
numbers were almost the same. The peak time of HST departure is 9:
00 a.m. to 17:00 p.m., while the peak time of HST arrival is 14:00 p.m.
t0 22:00 p.m. The intersection of the two curves shows that the number
of HST departures is greater than the number of arrivals before 12:
00 during the day, while the opposite is true after 17:00 p.m. In CR
network, the departure number of CTs wavelike rises with time, while
the arrival number of CTs has the opposite trend. Unlike the HSR
network, CT has more arrivals than departures before 12:00 a.m. This
means that the service time of HSTs and CTs is different in a day, and
they are complementary to each other to a certain extent.

Considering the departure time and arrival time of trains between
city pairs, as shown in Figures 4C, D, the service levels of different train
types are very different. In the HSR network, G-type service is the
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largest, accounting for 72.75%, and C-type service only accounts for
5.92%. However, the superior service proportion of G-type and C-type
are both about 90%, while that of D-type is only 82.85%. In the CR
network, K-type trains serve the most, accounting for 62.74%,
followed by Z-type trains. Type T has the best service quality, with
superior services accounting for 55.01%. Other-types trains are not
only the least in number but also the worst in service. In general, the
service quality of HST is much higher than that of CT. As there are few
high-speed trains running at night, most HST departure and arrival
times are located in superior service areas, making the proportion of
superior service as high as 88.33%. The superior service rate of CTs is
only 51.08%, which means that only half of CTs can provide
convenient boarding and alighting services for passengers.
However, for price-conscious passengers, HST’s superior service is
not attractive. Therefore, although the quantity and quality of CT
services are not dominant, it still has the potential to replace HST to a
certain extent.

For city pairs, the distribution of superior services in HST and
CT is very different. Figures 5A, B show the change in the number
and quality of services for city pairs with distance. In the HSR
network, the superior service rates of most city pairs are distributed
on both sides of the average, which means that the average can
reflect the overall situation. Most of the city pairs with RSL greater
than 1 have a higher proportion of superior service rates than the

average, which means that these city pairs with greater service
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intensity also have higher service quality. In addition, citie pairs
with low service intensity also have the possibility of high service
quality. In the CR network, the city pairs with superior ratios of
0 and 1 account for 15.39% and 33.25%, respectively, so that the
average value cannot represent the general value. The proportion of
superior ratios in cities with greater service intensity is widely
distributed with RSL. For example, the superior CT ratio between
Beijing and Shijiazhuang is as high as 63.89%, while the value
between Tianjin and Shenyang is only 11.11%. We noticed that
although some city pairs are close in distance, their service intensity
and superior ratio are very small.

For cities, as shown in Figures 5C, D, the proportion of superior
ratios in the HSR network decreases slightly with the increase of RSL,
but this trend is more obvious in the CR network. However, the
proportion of HST and CT superior rates have nothing to do with the
size of the urban resident population. Cities are divided into 4 types
based on RSL and average quality rate. In the HSR network, among the
super cities, Shenzhen and Tianjin belong to high quantity and high
quality, while Chengdu and Chongqing belong to low quantity and
low quality. Suzhou, Hefei and Shijiazhuang, which belong to big
cities, also belong to high quantity and high quality. In the CR
although the
Zhengzhou, Wuhan and Changsha have greater service intensity,

network, central provincial capital cities of

the superior service rates of them are lower than 40%. This means
that these cities have a large number of trains passing by due to their
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superior geographical location, but the departure or arrival times of
these trains are mostly during non-quality service time periods.

4.3 Interchangeability of superior HSTs
and CTs

This paper assumes that competition only occurs between
premium HST and CT services, that is, non-premium services
with similar departure times cannot substitute for premium
services. We calculate the time difference index between
superior HST and CT services for the same city pair, for a total
of 624 city pairs. Figure 6A shows that the number of city pairs in
the hourly interval of TDIave follows a normal distribution. The
number of city pairs with TDIave between 4 and 8 account for
72.87%, and these cities have a higher number of superior HST and
CT services (Figure 6C). This is because the train departure times of
high-frequency city pairs are widely distributed in the superior
time, resulting in a large time slot difference between HST and CT.
For city pairs with fewer train frequencies, if the TDIave is very
small, the departure time of HST and CT is relatively concentrated,
which will lead to greater competition. Conversely, if TDIave is
very large, it indicates that the departure times of HST and CT are
very scattered, and the two services have complementary effects
in time.

Different from TDIave, Figure 6B shows an exponential
distribution of the number of city pairs per hour in TDImin.The
proportion of city pairs with CT services before or within 1 h after
HST departure accounted for 59.71%. This suggests that superior
HST services in these city pairs are at risk of being replaced by CT
services at least once. The average superior HST and CT services of
city pairs with a TDImin of more than 4 h did not exceed 5 trains
(Figure 6D), indicating that the two rail services play a
coordinating and complementary role in the connection between
these city pairs. Combined with Figure 3, we found that the
endpoints of a few city pairs with TDImin over 10 h are not on
the same trunk line, such as Nanning-Hefei, Guangzhou-Jinan,
the
departure time of the railway service between these city pairs
follows the mode of “HST in the morning, CT in the

Changsha-Taiyuan and Tianjin-Lanzhou. In addition,

Frontiers in Environmental Science

10

evening”.In general, HST and CT services are more likely to
generate temporal substitutability on trunk lines and temporal
complementarity between non-trunk city pairs.

We further analyze the substitutability degree between
superior HST and CT services in city pairs with TDImin less
than 1 h. There are 372 city pairs, and they have 89.21% superior
HST services and 82.44% superior CT services, respectively.
Overall, 59.01% of these HST services can be replaced, while up
to 74.05% of these CT services are at risk of being replaced. For city
pairs, the degree of mutual substitution between HST and CT
services varies with the number of services and the distance
between city pairs. As shown in Figure 7A, the substitutability
of most city pairs with more than 150 superior HST services
exceeds 80%, indicating that these city pairs have fierce
competition for HST and CT. In addition, distant city pairs
generally have lower quality HST services, but the substitution
degree of them widely distributed between 0 and 1. As shown in
Figure 7B, there are 147 city pairs facing HST competition for all
superior CT services, accounting for 39.52% of the potential
competing pairs. They include not only short-distance high-CT
service city pairs, such as Beijing-Shijiazhuang, but also long-
distance low-CT service city pairs, such as Fuzhou-Xi’an. Only a
few city pairs with high CT service have low substitutability, such
as Lanzhou-Urumaqji.

4.4 Types of supply-service relationships of
HSTs and CTs

According to the classification framework of 3.3.4, we obtain the
relationship types of HST and CT for 624 overlapping superior city
pairs, and the results are summarized in Table 2. Specifically, HST
services dominate 34.67% of the city pairs, significantly higher than the
number of city pairs dominated by CT services. The proportion of city
pairs with complementary coordination between HST and CT is
13.48%. In addition, 9.47% of the city pairs have flerce competition
between HST and CT services, and the city pairs with partial and slight
competition both account for about 20%. Figure 8 shows the
characteristics and spatial distribution of the three types of service
relationship patterns.
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TABLE 2 Summary of supply-service relationship of superior overlapping cities.

10.3389/fenvs.2023.1057812

City pair types Percent (%) Distance Superior HSTs/Day Superior CTs/Day
(km)

HST dominant 216 34.67 698.73 5.34 43.50
CT dominant 15 241 1417.38 6.87 1.27
Coordination and cooperation 84 13.48 1216.75 1.61 1.94
Full competition 59 9.47 880.69 10.36 21.90
Partial competition 131 21.03 1138.50 427 7.39
slightly competition 118 18.94 1137.35 3.87 5.65

4.4.1 City pairs dominated by a single service

As shown in Figures 8A, B, the spatial distribution of HST-
dominated and CT-dominated city pairs is very different. Spatially,
the city pairs dominated by HST are mainly concentrated between
cities along the eastern coast, southwest and the Yangtze River
Economic Belt. The average distance of these city pairs is the
smallest, only 698.73 km, and the average superior superior HST
reaches 43.50 frequencies per day. The C-type HSR provides high-
frequency connections between urban agglomerations. Typical city
pairs are Beijing-Tianjin in the Beijing-Tianjin-Hebei region,
Shanghai-Nanjing in the Yangtze River Delta, and Guangzhou-
Shenzhen in the Pearl River Delta. A few CT-dominated city pairs
are characterized by long distances and low frequencies, with an
average distance of 1417.38 km. Except for Urumgi-Lanzhou, the
frequency of superior CT per day in other cities does not exceed 8.
Typical city pairs are Tianjin-Guangzhou and Lanzhou-Guangzhou in
the north-south direction, Shanghai-Nanning and Shanghai-Lanzhou
in the east-west direction. We note that more than half of the CT-
dominant city pairs have Lanzhou as the endpoint.

4.4.2 Complementary coordination city-pairs

As shown in Figure 8C, the spatial range of coordinated
complementary city pairs is relatively wide, and also has the
characteristics of long distances. While the average premium HST
and CT for these city pairs were particularly low, the difference in
departure times for both rail services was more than 4 h. Typical city
pairs include Beijing-Lanzhou, Fuzhou-Chengdu, and Nanjing-
Changchun. For individuals, travelers in competing city pairs may
have different transportation options in the same time period, while
travelers in coordinated and complementary city pairs have more
choices of departure time within a day. This shows the importance of
considering the time factor when analyzing the competition of
different transportation modes, otherwise it would be impossible to
distinguish between low-frequency competition and coordination and
complementarity. For low-frequency competitive city pairs, the
railway department should coordinate the departure times of the
two railway services as much as possible when the train services
remain  unchanged. For low-frequency coordinated and
complementary city pairs, the primary consideration is to increase

train frequency.
4.4.3 Competitive city-pairs

About half of the citie pairs have competitive relationship between
HSR and CR, and their competitive degree and spatial distribution are
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very different. As shown in Figure 8D, the city pairs with full competition
are generally medium distance, with an average of 880.69 km, and the
average number of high quality HST is about twice that of CT. Among
them, a few city pairs are not only close to each other but also have high
train service frequency, such as those located in northeast China and the
Beijing-Tianjin-Hebei region. In addition, as a transit hub between
northwest China and central and eastern China, Xi’an -Lanzhou city
pair is also in full competition with high frequency. Partially and slightly
competitive city pairs were generally long distance (Figures 8E, F), but the
average distance was lower than that of coordinately coupled and CT-
dominated city pairs. In addition, the high quality train frequency of
partially competitive city pairs is higher than that of slightly competitive
city pairs, and the average number of high quality HST of both two types
is only slightly higher than that of CT. However, there are some
differences in the spatial distribution of these two types of
competition. Partially competitive city pairs generally end up with
cities in the central and western regions, especially Beijing, Tianjin,
Shijiazhuang and Zhengzhou. The slightly competitive city pairs
generally end in cities in the northern region, and some of them have
higher train frequency. Furthermore, those cities with low frequency and
low level of competition have potential coordination and cooperation re-
lations.

5 Discussion

This paper explores the relationship of supply services between
HSR and CR from a temporal perspective, extending the study of
railway systems from spatial to spatiotemporal perspective. The results
show that China’s HSR and CR services are spatially and temporally
differentiated, and have shown a certain complementary pattern, but
the two still have great potential for cooperation. Specifically, we divide
the service quality of HST and CT from the perspective of time, which
makes up for the lack of homogeneity of trains in different city pairs.
Since most of the HST departure and arrival times are in the superior
time period, the proportion of superior service is as high as 88.33%,
while that of CT is only 51.08%. This means that the previous measure
that only used train frequency to express strength has overestimated
the CR level of some cities to a certain extent. For example,
Zhengzhou, due to its superior geographical location, has the most
CTs services every day, but only 37.00% of them are provided with
superior services. Further, we found, HST and CT also have high-
frequency competition and low-frequency competition, similar to the
competition of HST and air (Wang et al., 2020b). In addition, HST and
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CT have cooperation potential not only in space (Huang and Zong,
2022), but also in time. This shows the importance of considering the
time factor when analyzing the relationship between services of
different transport modes.

Although the route length of HSR in China’s railway system is still
lower than that of CR, the service provided by HSR is much higher
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than that of CR in terms of quantity and quality. Therefore, China has
entered the era of HSR, which is inseparable from the multi-faceted
policy support of the government (Li. H et al., 2021). On the one hand,
HST’s high-intensity service provides convenient conditions for
passengers to travel, gradually changing the public’s perception of
travel difficulties (Lee and Chang, 2006; Delaplace and Dobruszkes,
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2015; Wei et al,, 2017). As a result, more and more passengers choose
HST as their first choice for travel, and new travel behaviors are
constantly being born (Wang et al., 2019). On the other hand, HSR
provides opportunities for economic interaction between core cities
and provides transportation conditions for the creation of a unified
national economic market. At the same time, the HSR service of core
cities to surrounding small cities provides a guarantee for regional
integration.

For HSR, the current challenges come from two aspects. On the
one hand, due to the continuous impact of COVID-19, the
government’s control of travel behavior has greatly reduced
intercity interaction (Cai et al., 2021). For example, in the first half
of 2022, the net profit of Beijing-Shanghai Railway, which was the
most profitable in the past, has lost 1.028 billion yuan, a year-on-year
decrease of 137%. Another challenge comes from the fact that most of
the HSR stations are built far away from the city center, and the HSR
stations have insufficient driving force for the city. However, with the
country’s strict control of urban expansion, it is difficult to realize the
original intention of allowing HSR to drive urban development.

For CR in the HSR era, the impact is self-evident, but there are still
two opportunities. On the one hand, opportunities come from low-
and middle-income groups, i.e., price-sensitive but time-insensitive
travelers (Lee and Chang, 2006; Delaplace and Dobruszkes, 2015; Wei
et al,, 2017). It is necessary to make full use of CT’s features of night
operation and low price to open more trains with “starting at night and
arriving at morning.” So as to provide comfortable and affordable
services for long-distance cities, especially core cities of non-trunk
lines. On the other hand, opportunities come from cities with small
population and underdeveloped economy. From the perspective of
social equity, it is also necessary to open HST in these cities. However,
due to the high operation and maintenance costs of HSR, these cities
have limited access to HST services (Moyano and Dobruszkes, 2017).
Therefore, for cities that have opened HSR, the CT service should be
staggered by more than 4 h from the HST service as much as possible.
For city pairs without direct HSR, CR service should improve service
quality on the basis of satisfying service quantity.

Our findings have policy implications for the sustainable
development of both rail systems and cities. First, the method of
exploring the service relationship considering the quantity and quality
of trains can provide inspiration for the railway department to
improve the policy. Secondly, the results of this paper determine
the different modes of HST and CT supply service relationship
between core cities, which can provide some support for railway
dispatching optimization. For example, in the highly competitive
market, the railway department should pay more attention to the
service quality of HST and CT. In addition, the city pairs with low
frequency competition can be transformed into coordinated city pairs
by optimizing train dispatching. Third, this paper reveals the
advantages and disadvantages of the core cities in different aspects
of railway services, which helps to determine the city’s position and
formulate development strategies. For example, although CR services
have certain advantages in the three northeastern provinces, their
proportion of superior services is lower than the average of all cities.

6 Conclusion

The rapid development of HSR not only shortens the time and space
distance, but also affects the market share of other intercity
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transportation. As the future development direction of integrated
transportation network, in-depth study of the competition and
cooperation mode between HSR and other modes is a very
important research issue for regional development and transportation
optimization. Previous studies mostly analyzed the similarities and
differences of different transportation modes from a spatial
perspective, while the research on the relationship between multiple
transportation modes from a time perspective was insufficient. This
paper takes China’s core cities as the research object, and interprets the
relationship between HSR and CR supply services from the perspective
of time and space, so as to better understand the operation strategy of the
railway passenger transport system. Specifically, the HSR network has
higher service intensity and is more advantageous in the south, and the
CR network covers a wider range of space and has an advantage in the
north. Due to the fact that there are few high-speed trains at night, the
proportion of HST superior services is as high as 88.33%. And only half
of the CT's can provide passengers with superior pick-up and drop-off at
the same time. Additionally, 59.01% of HST services can be replaced,
while up to 74.05% of CT services are at risk of being replaced. Spatially,
HST and CT services are more likely to generate temporal substitution
on the mainline and temporal complementarity between city pairs on the
non-mainline.

In conclusion, based on the difference in operating time between
HST and CT, we found that in addition to being competitive, they are
complementary in terms of time to a certain extent. What we
emphasize is the importance of time competition and cooperation
between the two railway supply services to ease the pressure on
passenger flow and achieve social equity. However, our study has at
least two limitations. On the one hand, due to the availability of data,
we cannot obtain the exact number of seats purchased between city
pairs. In this study, we considered the train capacity of different
trains and the same train in different city pairs to be homogeneous.
At present, the allocation of seat tickets in China is dynamic, and
more trains can represent more actual seats to a certain extent.
Therefore, the limitations of the data do not affect the validity of our
conclusions. On the other hand, we assume that passenger
preferences in different cities are consistent, that is, the demands
for HST and CT are the same. Due to the differences in the
economies of different regions, the proportions of time-sensitive
and price-sensitive passengers are actually different. To understand
the supply relationship between the two railway modes from the
perspective of passengers, a large-scale survey is needed to
distinguish passenger preferences in different regions, so as to
better realize the rational allocation of HST and CT services. In
short, our research only discusses the time differences and
similarities between HSR and CR in China from the perspective
of suppliers. In short, our study only explores the differences and
similarities of train services between HSR and CR in China from a
temporal perspective. Due to China’s vast geographical scope and
differences in economic development, it is necessary to conduct in-
depth research on the relationship between HSR and CR from
different perspectives and data.
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