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Abstract: Decarbonizing the transport sector using electric vehicles (EVs) is a vital pathway for
China to achieve the carbon peak and carbon neutrality goals. Despite the unprecedented growth
of EV diffusion in China, little information is available for the spatial accessibility of public electric
vehicle charging services (EVCSs). This study developed an applicable accessibility measurement
framework to examine the city-level accessibility of EVCSs in China using the Gaussian two-step
floating catchment area (G2SFCA) method. G2SFCA takes the EV charging stations with charging
piles as supply and the EV ownership data as demand. The results indicate that (1) the eastern region
of China has the highest density of EV charging stations (69.1%), followed by the central region, while
the western region has the lowest density; (2) the spatial accessibility of EVCSs has a different pattern,
where the central region has the highest accessibility, followed by the eastern and western regions;
(3) the spatial mismatch between EVCSs and EV diffusion in the eastern region is larger than that of
the other two regions, which may be attributed to the suboptimal layout of EV charging stations and
the inconsistent pace between EV penetration and EV charging station construction; and (4) there is a
significant spatial inequity in the accessibility of EVCSs across both all three regions and the entirety
of China, with the western region exhibiting the highest inequity, followed by the central and eastern
regions. Based on these findings, policy implications are drawn for different regions in China, which
may aid policymakers in crafting strategic policies and subsidy programs to foster the advancement
of EVCSs.

Keywords: accessibility; electric vehicle; charging services; carbon emission; China

1. Introduction

Global warming poses a serious threat and a severe challenge to human survival and
sustainable development [1,2]. To maintain global warming below 1.5 ◦C, the Chinese
government pledged to release implementation plans to reach peak carbon dioxide (CO2)
emissions before 2030 and carbon neutrality before 2060 in response to the Paris Agree-
ment [3,4]. Decarbonizing the transport sector using electric vehicles (EVs) is one of the
crucial pathways to meet the two goals [4,5]. EVs use electric motors instead of internal
combustion engines and play a vital role in combating global climate change by reducing
carbon dioxide emissions and dependence on fossil fuels [6].

More than 10 million EVs were expected to be used globally by the end of 2020, with
global EV registrations increasing by 41% by 2020 [6]. China has one of the biggest markets
for EVs [7]. In fact, EV registrations increased from 1.37 million in 2020 to 3.52 million in
2021, which is the highest growth speed among countries worldwide. Although the growth
of EV adoption in China is unprecedented, the EV market still faces several barriers to
rapid EV penetration, such as range anxiety, long charging times, and inadequate charging
infrastructure [6,8]. Among them, the charging infrastructure is an essential prerequisite for
accelerating EV diffusion [8,9]. At present, 50–80% of worldwide charging events for EVs
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are completed at regular (private) charging stations (i.e., homes and workplaces) instead
of public charging stations [10]. Sufficient public charging stations along travel corridors
are highly desired to alleviate range anxiety and enable long-distance driving, which in
turn would stimulate the growth of the EV market [8]. Therefore, the development of
public charging stations is an urgent requirement and increasing concerns have been raised
worldwide to satisfy the increasing demand for charging [6,8]. The Chinese government has
issued various policies to promote the construction of charging infrastructure, such as the
guidance of coordinating and accelerating the integrated construction of parking lots and charging
infrastructure released in 2016. However, little knowledge is available about the spatial
convenience and variation in public charging services after the rapid implementation of
these policies in China. Policymakers and urban planners must obtain an in-depth under-
standing of the spatial serviceability of EVCSs, which would facilitate the optimization
and adjustment of the layout of EVCSs according to the rapid growth of EV adoption in
China [8,9,11].

As an important public infrastructure service, the convenience of EVCSs can be mea-
sured by accessibility [12–16]. Accessibility is usually defined as the ease and comfort
associated with arriving at a destination (i.e., public services) and includes spatial and non-
spatial accessibility [12,17–19]. Non-spatial accessibility refers to the tendency of people to
select public services, whereas spatial accessibility refers to the availability and proximity
to public services [20,21]. The former often includes the attribute characteristics of facilities
and demand within geographical units. The latter, which is widely employed, considers not
only the demand and facility supply, but also the spatial impedance between the demand
and the facilities. Various methods have been proposed to calculate spatial accessibility, in-
cluding utility-based, gravity-based, and opportunity-based methods [17,18,22,23]. Among
them, the two-step floating catchment area (2SFCA) method and its variants, which are typ-
ical representatives of opportunity-based spatial accessibility methods, have been widely
applied in numerous public services, such as health care [24–28], green spaces [29,30], food
stores [31,32], fire services [20,21], transportation [15,16,33], and EVCSs [14,34]. Current
measurements for EVCSs, like many public services in measuring accessibility, often take
the population of a spatial unit as the demand. However, the population reflects potential
demand rather than real demand, which results in the inaccurate measurement of the
accessibility of EVCSs [25]. Meanwhile, they mainly concentrate on spatial accessibility
within individual cities; therefore, little information is available for the spatial accessibility
of EVCSs at a large scale, such as a country. Especially, EV diffusion is thriving in China
and limited knowledge of the spatial accessibility of EVCSs may hamper the growth of
the EV market, which may further hinder the achievement of the carbon peak and carbon
neutrality goals of the Chinese government.

This study focused on measuring the spatial accessibility of EVCSs and sought to
fill the research gap to provide reliable EVCS accessibility for policymakers and urban
planners in China. To fulfill this object, we aim to answer three research questions: (1) How
can we appropriately measure the spatial accessibility of EVCSs? (2) What is the spatial
pattern of accessibility of EVCSs in different regions across China? (3) What about the
spatial equity for the spatial accessibility of EVCSs in different regions? In this study, an
applicable accessibility measurement framework was developed to understand access to
EVCSs. Then, the development process of the EVCSs in China was sorted. Further, the
spatial accessibility of the EVCSs and the characteristics of spatial patterns and equity were
presented. Finally, potential policy implications were drawn for the future development of
EVCSs in China.

2. Study Area and Data
2.1. Changes and Growth of EVCSs in China

As a new infrastructure in China, the government has made significant efforts to
promote the construction of EVCSs. To date, this construction has undergone three stages
(Figure 1).



ISPRS Int. J. Geo-Inf. 2023, 12, 478 3 of 14

ISPRS Int. J. Geo-Inf. 2023, 12, x FOR PEER REVIEW 3 of 14 
 

 

2. Study Area and Data 
2.1. Changes and Growth of EVCSs in China 

As a new infrastructure in China, the government has made significant efforts to pro-
mote the construction of EVCSs. To date, this construction has undergone three stages 
(Figure 1). 

(1) Phase I: early stage (2006–2010). In 2006, BYD, a well-known EV manufacturer in 
China (https://www.bydglobal.com/en/index.html), built an EV charging station at their 
Shenzhen headquarters. Owing to the low penetration rate (<1.1%) of private EVs in 
China, the charging stations built at this stage were mainly for electric buses. Further, the 
number of public charging facilities was relatively small, consisting of only 1100 EV charg-
ing piles. 

(2) Phase II: market-opening stage (2011–2015). At the end of 2010, the State Grid Cor-
poration of China built its first public EV charging station, ultimately welcoming invest-
ment in the EVCS market. Thereafter, the Chinese government released its first national 
plan for EV construction, the Energy Conservation and EV Industry Development Plan 
(2012–2020). Since then, EVCS development has been included in the renovation of old 
cities and new city construction plans. At this stage, the number of EV charging facilities 
began to show an upward trend, as shown in Figure 1. 

(3) Phase III: rapid expansion stage (2016–present). The EV charging infrastructure 
development guide (2015–2020) was proposed at the end of 2015, which projected the 
number of EV charging facilities to be established in China by 2020. This guide divided 
China into the eastern, central, and western regions. The eastern region includes Liaoning, 
Shandong, the Yangtze River Delta region, Fujian, Guangdong, and Hainan provinces, 
and the Beijing–Tianjin–Hebei region. The central region includes Jilin, Heilongjiang, In-
ner Mongolia, Shaanxi, Shanxi, Gansu, Henan, Hubei, Hunan, Jiangxi, Chongqing, Si-
chuan, Guizhou, and Yunnan provinces. The western region involves Ningxia, Xinjiang, 
Qinghai, Tibet, and Guangxi provinces. In the following analysis, the defined eastern, cen-
tral, and western regions in terms of this guide were used as the spatial units. From late 
2015 to 2016, ridesharing companies such as EVCARD (https://www.evcard.com/), GoFun 
(https://m.shouqiev.com/), CAOCAO (https://www.caocaokeji.cn/), and others began to 
put forward EV sharing services in several cities. As shown in Figure 1, the number of EV 
registrations and EV charging facilities markedly increased under the incentive of policy 
and the market and were 18.7-fold and 19.7-fold greater in 2021 than in 2015, respectively. 

 
Figure 1. Development of EVCSs in China (2006–2021).

(1) Phase I: early stage (2006–2010). In 2006, BYD, a well-known EV manufacturer in
China (https://www.bydglobal.com/en/index.html), built an EV charging station at their
Shenzhen headquarters. Owing to the low penetration rate (<1.1%) of private EVs in China,
the charging stations built at this stage were mainly for electric buses. Further, the number
of public charging facilities was relatively small, consisting of only 1100 EV charging piles.

(2) Phase II: market-opening stage (2011–2015). At the end of 2010, the State Grid
Corporation of China built its first public EV charging station, ultimately welcoming
investment in the EVCS market. Thereafter, the Chinese government released its first
national plan for EV construction, the Energy Conservation and EV Industry Development
Plan (2012–2020). Since then, EVCS development has been included in the renovation of old
cities and new city construction plans. At this stage, the number of EV charging facilities
began to show an upward trend, as shown in Figure 1.

(3) Phase III: rapid expansion stage (2016–present). The EV charging infrastructure
development guide (2015–2020) was proposed at the end of 2015, which projected the
number of EV charging facilities to be established in China by 2020. This guide divided
China into the eastern, central, and western regions. The eastern region includes Liaoning,
Shandong, the Yangtze River Delta region, Fujian, Guangdong, and Hainan provinces, and
the Beijing–Tianjin–Hebei region. The central region includes Jilin, Heilongjiang, Inner
Mongolia, Shaanxi, Shanxi, Gansu, Henan, Hubei, Hunan, Jiangxi, Chongqing, Sichuan,
Guizhou, and Yunnan provinces. The western region involves Ningxia, Xinjiang, Qinghai,
Tibet, and Guangxi provinces. In the following analysis, the defined eastern, central, and
western regions in terms of this guide were used as the spatial units. From late 2015
to 2016, ridesharing companies such as EVCARD (https://www.evcard.com/), GoFun
(https://m.shouqiev.com/), CAOCAO (https://www.caocaokeji.cn/), and others began to
put forward EV sharing services in several cities. As shown in Figure 1, the number of EV
registrations and EV charging facilities markedly increased under the incentive of policy
and the market and were 18.7-fold and 19.7-fold greater in 2021 than in 2015, respectively.

2.2. Data Collection

Three datasets were used in this study. The first dataset was the city-level adminis-
trative boundary data in mainland China, which was used as the basic spatial unit for
measuring the accessibility of EVCSs. The city-level boundary dataset was collected from
the National Catalogue Service for Geographic Information (https://www.webmap.cn/

https://www.bydglobal.com/en/index.html
https://www.evcard.com/
https://m.shouqiev.com/
https://www.caocaokeji.cn/
https://www.webmap.cn/main.do?method=index
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main.do?method=index, accessed on 20 December 2022). Due to the relatively low number
of vehicles in specific cities across a few Chinese provinces (i.e., fifteen cities in Hainan
province and nine cities in Xinjiang province), these cities within each province share the
identical title number of vehicle license plates. The boundaries of such cities with the
same title number are merged as a single unit because the demand information (i.e., the
ownership details of EVs) for EVCSs can only be obtained based on the title number of
the vehicle license plates in measuring the accessibility of EVCSs. For example, cities
like Wuzhishan, Dongfang, Baisha, Changjiang, and Lingshui in Hainan province are
consolidated as a single unit because they are all numbered “Qiong C”. This consolidation
facilitates the process of collecting data on the demand for EVCSs. The second dataset
was the public EV charging stations of China obtained from the Charging Bar platform
(www.bjev520.com, accessed on 25 December 2022), as shown in Figure 2a. We specifically
selected EV charging stations categorized as “public” and “social open” on the Charging
Bar platform to define our dataset of public EV charging stations. This dataset served as the
facility supply of EVCSs, including 32,704 charging stations and 328,709 charging piles. We
acquired the coordinates and equipped charging piles of each public EV charging station
on 25 December 2022. The last dataset was the ownership data of EVs for each city in China
from the National Bureau of Statistics (https://data.stats.gov.cn/, accessed on 20 December
2022), as shown in Figure 2b. The city-level ownership data of EVs in 2021 were used to
reflect the potential demand for EVCSs in measuring the spatial accessibility.

ISPRS Int. J. Geo-Inf. 2023, 12, x FOR PEER REVIEW 4 of 14 
 

 

Figure 1. Development of EVCSs in China (2006–2021). 

2.2. Data Collection 
Three datasets were used in this study. The first dataset was the city-level adminis-

trative boundary data in mainland China, which was used as the basic spatial unit for 
measuring the accessibility of EVCSs. The city-level boundary dataset was collected from 
the National Catalogue Service for Geographic Information (https://www.web-
map.cn/main.do?method=index, accessed on 20 December 2022). Due to the relatively low 
number of vehicles in specific cities across a few Chinese provinces (i.e., fifteen cities in 
Hainan province and nine cities in Xinjiang province), these cities within each province 
share the identical title number of vehicle license plates. The boundaries of such cities with 
the same title number are merged as a single unit because the demand information (i.e., 
the ownership details of EVs) for EVCSs can only be obtained based on the title number 
of the vehicle license plates in measuring the accessibility of EVCSs. For example, cities 
like Wuzhishan, Dongfang, Baisha, Changjiang, and Lingshui in Hainan province are con-
solidated as a single unit because they are all numbered “Qiong C”. This consolidation 
facilitates the process of collecting data on the demand for EVCSs. The second dataset was 
the public EV charging stations of China obtained from the Charging Bar platform 
(www.bjev520.com, accessed on 25 December 2022), as shown in Figure 2a. We specifically 
selected EV charging stations categorized as “public” and “social open” on the Charging 
Bar platform to define our dataset of public EV charging stations. This dataset served as 
the facility supply of EVCSs, including 32,704 charging stations and 328,709 charging 
piles. We acquired the coordinates and equipped charging piles of each public EV charg-
ing station on 25 December 2022. The last dataset was the ownership data of EVs for each 
city in China from the National Bureau of Statistics (https://data.stats.gov.cn/, accessed on 
20 December 2022), as shown in Figure 2b. The city-level ownership data of EVs in 2021 
were used to reflect the potential demand for EVCSs in measuring the spatial accessibility. 

 
Figure 2. Experimental data. (a) Spatial distribution of public EV charging stations and (b) city-level 
ownership data of EVs. 

3. Methodology 
The 2SFCA method, which was proposed by Luo and Wang [35], comprehensively 

considers the potential demand, facility supply capacity, and impedance in the measure-
ment of spatial accessibility for several public services [17,20,25,36,37]. However, this 
method employs a dichotomous travel impedance tool in which the same weight is used 
within a catchment area under the given threshold, whereas the areas outside the 

Figure 2. Experimental data. (a) Spatial distribution of public EV charging stations and (b) city-level
ownership data of EVs.

3. Methodology

The 2SFCA method, which was proposed by Luo and Wang [35], comprehensively con-
siders the potential demand, facility supply capacity, and impedance in the measurement
of spatial accessibility for several public services [17,20,25,36,37]. However, this method
employs a dichotomous travel impedance tool in which the same weight is used within
a catchment area under the given threshold, whereas the areas outside the catchment are
considered to be unavailable [35]. The Gaussian 2SFCA (G2SFCA) was further developed to
overcome the shortcomings of dichotomous impedance through a Gaussian decay function
to describe the weight change in different spatial impedances [38]. G2SFCA is regarded
as a more reasonable method for measuring access to public services [14,38,39]. Therefore,
G2SFCA was employed in this study to measure the spatial accessibility of EVCSs in China.

https://www.webmap.cn/main.do?method=index
https://www.webmap.cn/main.do?method=index
www.bjev520.com
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3.1. Research Framework

The research framework is shown in Figure 3 and involves the following four stages.
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Figure 3. Research framework.

(1) Preparation of the input datasets, including the public EV charging stations as the
supply facilities, the city-level ownership data of EVs in 2021 as the potential demand,
and the administrative boundaries of cities in mainland China.

(2) Calculation of the spatial accessibility of EVCSs in mainland China at the city level
using the G2SFCA.

(3) Analysis of the spatial characteristics of the access to EVCSs in mainland China with
the local Moran’s I and Gini index [40,41].

(4) Proposal of implications and countermeasures for policymakers and urban planners
to develop EVCSs based on an analysis of the spatial characteristics of access to EVCSs
in mainland China.

3.2. G2SFCA Method

G2SFCA is an extension of 2SFCA using the Gaussian decay function and comprises
two steps [38].

In the first step, the supply-to-demand ratio was calculated for each facility within
a catchment area under a given spatial impedance threshold [35,39]. For each public
EV charging station i, the method searches for all demand locations (k) within a spatial
impedance threshold d0 from i. Thereafter, the Gaussian decay function (G) was used
to compute the spatial impedance weight for each demand location, and the sum of the
weighted demands was calculated as the denominator of the supply to demand [17,38].
Finally, the supply-to-demand ratio Ri at the EV charging station i was computed as:

Ri =
Si

∑kε{dki<d0} DkG(dki, d0)
(1)
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where dki is the distance between demand location k and public EV charging station i, d0 is
the predefined threshold of spatial impedance, Dk is the demand (i.e., the number of EVs)
at location k, Si is the supply capacity (i.e., the number of charging piles) at EV charging
station i, and G(dki, d0) is the weight of the Gaussian decay function [17,29,38], which is
expressed as follows:

G(dki, d0) =

{
(e−

1
2 (

dki
d0

)2
− e−

1
2 )/(1− e−

1
2 ) dki ≤ d0

0 dki > d0
(2)

In the second step, for each demand location j, the model searched for all EV charging
stations (l) within the threshold d0 from j. Thereafter, the accessibility of demand location j
was estimated by summing the weighted supply-to-demand ratio of stations (l) and their
impedance decay weight G(dl j, d0) using

Aj = ∑lε{dl j<d0}
RlG(dl j, d0) (3)

To format the catchment area in G2SFCA [17,38], the threshold d0 was set to an em-
pirical value of 20 km, as the average radius of city centers in China is approximately
20 km [42,43]. Note that the empirical threshold is not travel distance but Euclidean dis-
tance. There are two reasons for the use of Euclidean distance. On one hand, this study
focuses on the city-level accessibility in a large-scale area as the city-level ownership data
of EVs is the finest-level data that can be available in China for reflecting the demand for
public EV charging stations. On the other hand, travel distance is often used to measure
accessibility of EVCSs at fine levels within a city [14].

The G2SFCA method is executed using Arcpy within ArcGIS software (version 10.8).
The G2SFCA takes the demand data and facility supply as inputs to calculate the spatial
accessibility of EVCSs.

3.3. Spatial Pattern and Equity Methods

The global and local Moran’s I are employed to quantitatively analyze the spatial
patterns of the accessibility of EVCSs [40]. The global Moran’s I can characterize the global
degree of spatial autocorrelation for PV power plants with its value between −1 and 1. A
higher global Moran’s I value indicates a stronger positive clustering, while a lower value
means a more negative clustering. The global Moran’s I is calculated by

I =
N

∑N
i=1 ∑N

j=1 ωij

∑N
i=1 ∑N

j=1 ωij(xi − x)(xj − x)

∑N
i=1 (xi − x)2 (4)

where xi is the accessibility of EVCSs for city i, x is the mean of x, ωij is the spatial weight
between city i and city j, and N is the number of spatial units (i.e., cities) indexed by i and j.

The local Moran’s I measures the local indicators of spatial autocorrelation (LISA) and
it can uncover the local clusters for the accessibility of EVCSs [40]. The local Moran’s I
evaluates the clustering and the statistical significance for the accessibility of EVCSs within
each city [40]. It yields a value from −1 to 1 and it is easy to find clusters at a local level [40].
The local Moran’s I can be expressed as

Ii =
(xi − x)

∑N
i=1 (xi − x)2/N

∑N
j=1 ωij(xj − x) (5)

The global and local Moran’s I are calculated with GeoDa software (version 1.12.1.161)
in this study.
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The Gini coefficient is a typical indicator in economics to illustrate the inequality in
income between residents and it has been widely used to evaluate the spatial equity in
various geoscience fields in past years [30,39]. It is adopted to evaluate the spatial equity of
the accessibility of EVCSs. The Gini index is defined as the ratio of the area between the
line of equality and the Lorenz curve [41]. The Gini index can be calculated as half of the
relative mean absolute difference. The mean absolute difference is the average absolute
difference of all pairs of items of the spatial units and the relative mean absolute difference
is the mean absolute difference divided by the average. The Gini index for the accessibility
of EVCSs can be computed by

Gini =
∑N

i=1 ∑N
j=1
∣∣xi − xj

∣∣
2N2x

(6)

The Gini index ranges from 0 to 1, with higher values (closer to 1) indicating greater
inequity in accessibility of EVCSs and lower values (closer to 0) signifying greater equity.
An alert of inequality is triggered when the Gini index exceeds 0.4, while values above 0.6
reflect high levels of inequality in accessibility of EVCSs.

The Gini index is computed using the Python programming language in this study.

4. Results
4.1. Spatial Pattern of EV Charging Stations

The spatial distribution of public EV charging stations in Figure 2a and the number
within each province in Figure 4 show that most charging stations are distributed in the
southeast area of the Huhuanyong line, southeast of which has over 90% of the population
of China. It is of particular prominence in the three major urban agglomerations of Beijing–
Tianjin–Hebei, Yangtze River Delta, and Pearl River Delta. Jiangsu province has the most
charging stations while Guangdong province has the most charging piles, as shown in
Figure 4. Jiangsu and Guangdong provinces both rank top two in the number of charging
stations and charging piles. The global Moran’s I with queen contiguity weights was
employed to analyze the spatial association of the number of EV charging stations; the
value is 0.17, indicating a relatively significant spatial aggregation of EV charging stations.
Overall, based on visual examination and the number of charging stations within each
province, a notable spatial difference is observed, with most charging stations distributed
in the southeast area of the Huhuanyong line, except for the northeast region and a high
density of charging stations located in the eastern coastal regions from the core areas of
Beijing–Tianjin–Hebei region to the core areas of Pearl River Delta region. Except high-
density regions, Shanxi, Shaanxi, Henan, Anhui, Jiangxi, Hunan, Hubei, Chongqing, and
Sichuan provinces have more scattered stations than other provinces.

Table 1 displays the number of charging stations and piles in the three regions. It
shows that the eastern region of China has the largest number of charging stations and piles,
followed by the central region, and the western region has the least number of charging
stations and piles. This result is consistent with that obtained via visual inspection. Table 1
reveals that the number of charging piles is almost ten times the number of charging
stations in the eastern and central regions. The eastern region of China has more than
two times the charging stations and piles of the central region. The gaps between the east,
center, and west are largely due to the early development of EVCS construction in the
eastern region and the late promotion of EVCS construction in the western region. At the
same time, regional development is another important reason for the spatial inequity in
EVCSs because the eastern region has the best economic development, followed by the
central and the western regions.
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Table 1. Statistics of public EV charging stations and piles in different regions.

Stations Piles Rate of Stations (%) Rate of Piles (%)

Eastern region 22,600 217,973 69.10 66.31
Central region 9481 107,186 28.99 32.61
Western region 623 3350 1.91 1.08

In Total 32,704 328,709 100 100

4.2. Non-Spatial Accessibility of EVCSs

We calculated the EV charging stations per 1000 EV cars as a measurement of the
non-spatial accessibility of EVCSs for each city, as shown in Figure 5. The non-spatial
accessibility of EVCSs was classified into five levels (i.e., very low, low, moderate, high,
and very high) using the natural break method in Figure 5a. It implies that cities with high
and very high accessibility are mainly distributed in the eastern and central regions of
China. The high-high clusters detected using LISA in Figure 5b are also distributed in these
two regions. Most cities with the very-low level of accessibility are located in northeastern,
northwestern, and southwestern China. From the perspective of non-spatial accessibility of
EVCSs, the eastern region has the highest EV charging stations per 1000 EV cars, followed
by the central and western regions in Figure 5.

4.3. Spatial Accessibility of EVCSs

With G2SFCA, we estimated the city-level spatial accessibility of EVCSs and evaluated
its LISA using the local Moran’s I, as shown in Figure 6. Spatial accessibility was also
divided into five levels (i.e., very low, low, moderate, high, and very high) with the natural
break method. The statistics of spatial accessibility are shown in Table 2 and the number of
cities for different accessibility levels is displayed in Table 3.
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Table 2. Statistics of the city-level spatial accessibility of EVCSs in China.

Minimum Maximum Mean Standard
Deviation

Coefficient
of Variation

Eastern region 0 0.133 0.032 0.024 0.75
Central region 0 0.228 0.033 0.036 1.09
Western region 0 0.283 0.029 0.054 1.86

Whole 0 0.283 0.032 0.036 1.125

Table 3. Number of cities with different levels of spatial accessibility of EVCSs in China.

Very Low Low Moderate High Very High

Eastern region 45 49 22 2 0
Central region 80 57 24 10 4
Western region 35 7 2 6 3

Whole 160 113 48 18 7
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(1) Overall, the distribution of accessibility of EVCSs according to G2SFCA shows
a significant spatial disparity in Figure 6a. Cities with high and very high accessibility
are mainly distributed in the central region of China, such as Hunan, Hubei, and Shaanxi
provinces. The LISA result for accessibility of EVCSs in Figure 6b confirms the finding that
most high-high clusters are distributed in the central region. Unexpectedly, most cities in
the eastern coastal area with a high density of EV charging stations have a moderate level
or low level, even a very-low level, of accessibility. Although a minority of EV charging
stations are located in the northwest area of the Huhuanyong line, there are several cities
with high and very high accessibility. The reason may be the different EV diffusion and
EVCS development speeds in the three regions. EV diffusion in the eastern region of
China is too rapid to keep pace with its EVCSs development, as indicated in Figure 2b. In
contrast, the EVCS development in the central and western regions catches up with their
EV penetration. However, most cities, in the eastern region in particular, still have a very
low accessibility of EVCSs, indicating that the spatial equity of EVCSs urgently needs to be
improved through the development of charging stations.

(2) Regions: Tables 2 and 3 further confirm the visual findings in Figure 6. The
maximum of the accessibility scores in the western region is the largest, followed by the
central and eastern regions in Table 2. The mean of the accessibility scores in Table 2 implies
that the central region is the highest, followed by the eastern and western regions. The
coefficient of variation (CV), which is the ratio of the standard deviation to the mean, is
calculated to quantitatively measure the disparity of accessibility in Table 2. It can be found
that the western region has the largest disparity, followed by the central region, and the
eastern region has the smallest disparity in accessibility of EVCSs. Table 3 shows that the
cities with very low and low accessibility account for 46% and 33%, respectively. Cities
with high and very high accessibility only account for 7%, suggesting that many cities
should further promote the development of ECVSs in China.

4.4. Spatial Equity of EVCSs

The Gini index of the non-spatial and spatial accessibility of EVCSs, as shown in
Table 4, reveals a substantially unequal distribution of the accessibility of EVCSs across
both the whole of China and its three regions. All Gini indices exceed 0.4, with some
even surpassing 0.6, signifying a pronounced inequality in EVCS accessibility. Notably,
non-spatial accessibility exhibits a marginally greater level of inequality compared to
spatial accessibility, as evident from its higher Gini index. Moreover, Table 4 underscores
the regional variations in spatial inequity, with the western region exhibiting the highest
inequity, followed by the central region, while the eastern region displays the lowest
spatial inequity.

Table 4. Gini index of accessibility of EVCSs in China.

Eastern Region Central Region Western Region Whole

Non-spatial
accessibility 0.4670 0.5463 0.6930 0.5418

Spatial accessibility 0.4011 0.5266 0.748 0.52843

5. Discussion
5.1. Comparison between Non-Spatial and Spatial Accessibility of EVCSs

Usually, accessibility includes non-spatial and spatial measurements. In this study,
the EV charging stations per 1000 EV cars was calculated as the non-spatial accessibility
of EVCSs. The spatial accessibility of EVCSs was quantified using G2SFCA within our
proposed framework. Comparing the two forms of accessibility is useful to explore their
difference. As shown in Figures 5 and 6, the western region has a similar pattern in the
non-spatial and spatial accessibility of EVCSs, in that most cities have low and very-low
levels of accessibility. The central region exhibits slightly more cities with high and very-
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high levels of spatial accessibility compared to non-spatial accessibility. In contrast, in
the eastern region, more cities have high and very-high levels of non-spatial accessibility
than spatial accessibility. This means that the spatial pattern of non-spatial accessibility
aligns more closely with the economic development. However, it is crucial to note that
non-spatial accessibility fails to account for spatial impedance, which greatly impacts
the convenience of EV charging. The spatial accessibility measured using our proposed
framework considers spatial impedance, offering a more reasonable assessment of EVCS
accessibility. It further implies that the EV charging stations may have an unreasonable
layout and need a reevaluation in the eastern region in spite of their high density.

5.2. Advantages of the Proposed Framework

This study focuses on measuring the large-scale spatial accessibility of EVCSs to
provide macroscopic knowledge of EV charging stations and EV diffusion in China. It
is different from previous measurements of access to public EVCSs, which are usually
examined within individual cities [14,34]. The community and grid cell within a city are
often used as the units to calculate the accessibility of EVCSs. The spatial accessibility of
EVCSs within a city is beneficial to uncover the accessibility inequity and spatial mismatch
between EV ownership and EVCSs, which is useful for the layout optimization of EV
charging stations within a city [9,11,44]. In contrast, the city-level spatial accessibility of
EVCSs in this study intends to provide a macroscopic understanding across China for
policymakers and urban planners. The findings from the city-level spatial accessibility of
EVCSs in China is helpful for policymakers to adjust and optimize the issued subsidies and
strategic policies to maintain the spatial match between EV ownership and access to EVCSs,
which can further play a key role in achieving the carbon peak and carbon neutrality goals
in China.

Due to a lack of data, most spatial accessibility measurements of public services take
population as the demand in calculating accessibility [22,30,31,36,38]. For public EVCSs,
Park, Kang, Goldberg, and Hammond [14] adopted the float population within grids as
demand in Seoul and Li, Luo, and Song [34] employed the population within communities
as demand in Beijing to measure the accessibility of EVCSs. Such measured accessibility
of public services is regarded as the potential accessibility, as the population used is not
the real demand in measuring accessibility [25]. Here, we collected the EV ownership data
within each city as the real demand to examine the accessibility of public EVCSs, which can
be considered the observed accessibility [25]. The EV ownership data can characterize the
real demand of EVCSs instead of the potential demand by population. Thus, the calculated
spatial accessibility of EVCSs in this study is a reliable and accurate measurement for EV
policymaking in China.

5.3. Policy Implications for EVCSs

Some policy implications can be proposed from this study for China. First, according
to our findings, the eastern region of China should enhance the strategy policies and
subsidies for the promotion of EVCSs because many cities including the first-tier cities
have low and very low accessibility. The eastern region of China has the best economic
development and the EV diffusion speed is very fast, according to Figure 2b. Yet, the EVCS
development in this region does not catch up with EV diffusion. Especially, despite the
relatively high density of EV charging stations, the deployment of EV charging stations
should be reevaluated to provide guidelines for the spatial optimization of EV charging
stations in the eastern region. Second, the strategy policies and subsidies in the central
region can be adjusted to promote EV diffusion, as this region has more cities with high
and very high accessibility. Third, the strategy policies and subsidies for EVCSs and EV
diffusion can be phased out in the western region, as it has several cities with high and
very high accessibility. Although the western region has relatively better accessibility, the
EV number is significantly lower than other regions. The crucial reason may be that the
relatively low temperature in the western region significantly decreases the range of EVs.



ISPRS Int. J. Geo-Inf. 2023, 12, 478 12 of 14

Last, the future strategy policies and subsidies in different regions should pay attention to
the spatial equity of EVCS accessibility, because the three regions and the whole of China
exhibit significant spatial inequity in the accessibility of EVCSs, as shown in Table 4.

5.4. Limitations

Despite our results, this study still has its limitations. We only examined the city-
level spatial accessibility of EVCSs in China, as only city-level real demand (i.e., EV own-
ership) for EVCSs is available across China at a large scale. The finer-level (e.g., county
and grid) accessibility of EVCSs within cities can be examined using potential EV owner-
ship data at finer levels in the future. The finer-level policy implications can be drawn
for different regions.

6. Conclusions

In this study, we developed an applicable accessibility measurement framework to
capture the spatial characteristics of EVCSs. The developed framework was applied to a
case study in China to measure the city-level accessibility of EVCSs and the characteristics
of accessibility were explored in different regions. The results show that the spatial distri-
bution of EV charging stations is highly consistent with the Huhuanyong line, except for
northeastern China, which has a low density of charging stations due to the cold weather.
The eastern region has the highest density of EV charging stations, followed by the central
region, and the western region has the lowest density of EV charging stations. However,
the spatial accessibility of EVCSs shows a different spatial pattern. Most cities in the eastern
region exhibit low spatial accessibility, while cities with high and very-high levels of spatial
accessibility are mainly distributed in the central region. Furthermore, significant spatial
inequity in the accessibility of EVCSs is found across all three regions and the whole of
China and it has a similar pattern to the distribution of EV charging stations in the three
regions. According to the findings, several policy implications were proposed for the
Chinese government to coordinate the EVCS development and EV diffusion to realize the
carbon peak and carbon neutrality goals. This study also offers insights into forthcoming
EVCS accessibility measurement in other study areas.
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