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Unequal outcomes resulting from urbanization can pose a significant challenge to sustainable
development. Vehicles are an important urbanization dimension as a critical component of
urban infrastructure by providing mobility and accessibility to social services. China's vehicle
ownership (referred to as in-use vehicle stocks) has been growing quickly since 2000, but its
per capita stocks are still much lower than that in developed economies. This raises the
question of whether and when China's vehicle stocks will reach a peak level close to that in
the developed countries. By analyzing vehicle stocks in 283 Chinese cities during 2001-2018,
we have the following findings: (1) vehicle stocks are predominantly distributed in northern
and eastern coastal cities and provincial capital cities; (2) inequality in vehicle ownership
rates between cities shows a declining trend at both national and region scales; (3) the
growth of vehicle ownership rates follows an S-shape curve and most cities are still at the
early stage of motorization; (4) China is likely to have a lower saturation level of vehicle
ownership rate. These results could help to accurately forecast future vehicle demand in
China, estimate the resulting environmental impacts, and explore strategies to achieve
carbon neutrality in transportation.

1Key Lab of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China. 2 Xiamen Key Lab of

Urban Metabolism, Xiamen 361021, China. 3Universi’[y of Chinese Academy of Sciences, Beijing 100049, China. 4Key Research Institute of Yellow River
Civilization and Sustainable Development & Collaborative Innovation Center of Yellow River Civilization, Henan University, Kaifeng 475001, China.

5 Department of Operations Analytics, Vrije Universiteit Amsterdam, Amsterdam 1081 HV, The Netherlands. © Institute of Environmental Sciences, Leiden
University, Leiden 2300 RA, The Netherlands. ®email: llsong@iue.ac.cn; wgchen@iue.ac.cn

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | (2024)11:703 | https://doi.org/10.1057/s41599-024-03173-4 1


http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03173-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03173-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03173-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03173-4&domain=pdf
http://orcid.org/0000-0002-6040-9348
http://orcid.org/0000-0002-6040-9348
http://orcid.org/0000-0002-6040-9348
http://orcid.org/0000-0002-6040-9348
http://orcid.org/0000-0002-6040-9348
http://orcid.org/0000-0002-7686-2331
http://orcid.org/0000-0002-7686-2331
http://orcid.org/0000-0002-7686-2331
http://orcid.org/0000-0002-7686-2331
http://orcid.org/0000-0002-7686-2331
mailto:llsong@iue.ac.cn
mailto:wqchen@iue.ac.cn

ARTICLE

Introduction

rbanization has the potential to advance global sustainable

development, but this will require addressing multiple

sustainability challenges, especially the issue of inequality
(Seto et al. 2017; United Nations Department of Economic, 2020).
High levels of inequality can have negative impacts on economic
productivity, social capital, and the distribution of environmental
burdens, as well as exacerbate the impacts of economic, social,
and environmental shocks. Current academic and policy discus-
sions often focus on addressing urban inequality (Boyce, 1994;
Diffenbaugh and Burke, 2019; Hamann et al. 2018). However,
much of this research has been limited to examining economic
(income and wealth) inequalities, which may not provide a
comprehensive understanding of inequality and its relationship to
urbanization. Therefore, there is a need for more research that
explores a broader range of inequality indicators and their links to
urbanization, to inform more effective policies and interventions
to promote sustainable development.

Urbanization in China has been one of the most significant
social and economic phenomena of the past few decades. Since
the 1980s, China has experienced rapid urbanization, with the
urban population growing from 191 million in 1980 to over 914
million in 2021 (National Bureau of Statistics of China, 2023a).
China’s rapid urbanization has substantially boosted the accu-
mulation of manufactured capital, which includes all physical
assets created and perpetually renewed by society (Weisz et al.
2015). Transportation equipment is a significant part of the
manufactured capital. China’s vehicle ownership, also referred to
as in-use vehicle stocks in this study, has borne witness to the
progression of urbanization. China’s vehicle sales market sur-
passed that of the United States in 2009, making it the largest
vehicle sales market globally (Zhang et al. 2017). By the end of
2020, vehicle stocks in China were up to 273 million units,
making it the country with the largest number of vehicles
worldwide (National Bureau of Statistics of China, 2021). The
substantial expansion of vehicle stocks in recent years has had
significant impacts on energy consumption and carbon emissions
in China (Bu et al. 2021). Gaining a comprehensive under-
standing of the historical growth patterns of vehicle ownership
can help us forecast the future development trends of vehicle
stocks, estimate the deployment potential of new energy vehicles,
and assess environmental impacts, such as energy use (Hofmann
et al. 2016; Huo et al. 2007), carbon emissions (Chen et al. 2022;
Gan et al. 2019; Pauliuk et al. 2012), and critical metals demand
(Hao et al. 2019; Li et al. 2021; Xun et al. 2020).

Considering China’s unbalance in regional economic devel-
opment and urbanization process (Lu et al. 2019), a similar dis-
parity can also be expected from vehicle ownership. Most current
city-level studies focus on the relationship between different
socioeconomic determinants with vehicle ownership. For
instance, Li et al. (2010) analyzed the impacts of urban form and
socioeconomic indicators on car ownership across 36 Chinese
megacities in 2006. The results showed that city affluence, city
scale, and road supply factors have significant positive effects on
car ownership. Cao and Huang (2013) explored the relationship
between private vehicle ownership and indicators such as per
capita GDP (Gross Domestic Product), built-up area, population
density, and per capita area of roadway network. They found that
the most important determinants of car ownership are GDP per
capita and income per capita. Similarly, Wu et al. (2016) exam-
ined the determinants of private vehicle ownership in China’s 32
provincial capital cities during 2001-2011. They found that the
economic variables could significantly affect the growth of private
vehicles. Yang et al. (2017) quantified the explanatory value of
different urban characteristics on private vehicle ownership.
Based on fixed effects models, their results demonstrated that
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vehicle ownership is determined by both socioeconomic indica-
tors (such as income per capita) and urban physical environment
factors (such as built-up area, road area per capita, and popula-
tion density). Current city-level studies have important policy
implications for managing vehicle ownership (the summary of
these studies can be found in Table S1 of the Supporting
Information).

Socioeconomic metabolism, a key concept in industrial ecol-
ogy, encompasses the self-replicating and evolving biophysical
structures that underpin human society, including the transfor-
mation, distribution, and flow of biophysical materials controlled
by humans to satisfy their needs (Fischer-Kowalski, 2008; Pauliuk
et al. 2015). Central to this concept are the “in-use stocks”, which
are tangible manufactured assets actively utilized within an
economy, such as vehicles, buildings, roads, and household
appliances (Pauliuk and Hertwich, 2015; Pauliuk and Miiller,
2014). In-use stocks play a pivotal role in socioeconomic meta-
bolism by driving anthropogenic material cycles and linking these
cycles to the manufactured capital and services that society
demands (Chen and Graedel, 2015). They constitute the bio-
physical foundation of human society, as they represent the
manufactured products that are currently in active use (Pauliuk
and Hertwich, 2015).

The importance of in-use stocks is particularly evident in the
transportation sector, where vehicle stocks provide essential ser-
vices for daily work and life. Assessing in-use vehicle stocks is
critical for estimating the stocks and flows of materials associated
with vehicles, thereby enabling a better understanding of the
environmental implications of emission mitigation and sustain-
able development strategies (Pauliuk and Miiller, 2014). Fur-
thermore, examining the spatiotemporal trends of vehicle
ownership rates offers insight into the dynamics of regional or
urban inequality throughout the urbanization process, high-
lighting the significance of in-use stocks in reflecting socio-
economic patterns and informing policy decisions.

In summary, existing city-level studies predominantly investi-
gate determinants of vehicle stocks from a statistical perspective.
These studies could provide insights for policymakers to manage
private vehicle ownership. However, such studies frequently
overlook the temporal evolution and spatial disparities in vehicle
ownership. This oversight presents a significant gap, as the
characterization of growth features, including the magnitude and
velocity of vehicle stock accumulation, as well as regional var-
iances, is critical for informed projections of future demand.
Against this background, our study conducts a comprehensive
and long-term series (2001-2018) of research on vehicle owner-
ship in 283 Chinese prefecture-level cities. This approach lays a
robust empirical groundwork, crucial for enhancing the precision
of future vehicle stock forecasts, assessing potential environ-
mental ramifications, and informing strategies for sustainable
urbanization.

Materials and Methods

Data collection. Data on country-level vehicle ownership and
population are derived from United Nations Statistical Yearbook
(United Nations Department of Economic-Social Affairs, n.d.),
World Bank Open Data (World Bank, 2023), European ACEA
Report - Vehicles in use, Europe (European Automobile Manu-
facturers’ Association, 2023), World vehicles in use (International
Organization of Motor Vehicle Manufacturers, 2020), and
national statistical offices of each country (National Bureau of
Statistics of China, 2023b; Statistics Bureau of Japan, 2023; U.S.
Department of Transportation-Federal Highway Administration,
2022; UK Department for Transport, 2023). Vehicles in China
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include three categories: passenger vehicles (large, medium, small,
and mini types), trucks (heavy, medium, light, and mini types),
and low-speed vehicles. Details of the vehicle classification criteria
can be found in Hao et al. (2011).

In this paper, vehicle ownership is defined as the number of
vehicles registered for use with the local traffic administration
bureau. This registration indicates that the vehicles are in the use
stage, and thus, the term vehicle ownership is synonymous with
the number of in-use vehicle stocks within our analysis. Given the
regulatory framework in China, which mandates that vehicles
must be registered shortly after purchase, we posit that the
number of registered vehicles is a reasonable approximation of
the vehicle stocks for the purposes of this study. It is important to
note that when we refer to “vehicle stocks” within this paper, we
are specifically discussing in-use vehicle stocks, unless indicated
otherwise. This means that our analysis does not consider vehicles
that are not actively in use, also known as hibernating stocks. Due
to the scope of the data available to us, our analysis encompasses
the total number of registered in-use vehicles, incorporating both
privately owned vehicles and those used for commercial purposes.

At the city level, due to the data paucity, we have derived
vehicle ownership, population, GDP, and urbanization rate of 283
prefecture-level cities (including 4 municipalities like Beijing,
Shanghai, Tianjin, and Chongqing) between 2000 and 2018
(Fig. 1). Data on vehicle ownership, population, GDP, and
urbanization rate are collected from the national, provincial,
and city-level bureau of statistics. GDP is the real GDP at
2000 constant price. Population is the resident population.
Urbanization rate is the proportion of urban population to the
total population. Urban population refers to the population living
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Fig. 1 The distribution of 283 cities in 8 different regions and urban
agglomerations.

in the urban areas of prefecture-level cities. Overall, our city-level
data accounts for 93% of the national population, 96% of national
vehicle ownership, and 97% of national GDP in 2018. The details
of city-level data are listed in Table 1.

In China, the prefecture-level cities serve as administrative
units, which rank below that of provinces-the highest non-
national level administrative unit. Prefecture-level cities typically
include several districts and counties, which are classified as
urban and rural according to their economic development level
and demographic character (Liu et al. 2019; Zund and
Bettencourt, 2019). Although this definition does not precisely
correspond to the concept of a functional urban area as it is
understood in the West, it is nonetheless a practical and
standardized unit for analysis, particularly given that the most
detailed and official Chinese statistical data are frequently
compiled on this administrative level (Bettencourt et al. 2007;
Li et al. 2023; Zund and Bettencourt, 2019). This underscores the
distinct urban categorization between China and Western regions
and the necessity for methodological adjustments in research to
accommodate the specificities of Chinese data availability.

As Fig. 1 shows, China has been divided into 8 regions (North
Coast region, Northeast region, East Coast region, Middle Yellow
River region, South Coast region, Northwest region, Southwest
region, and Middle Yangtze River region). Cities in the same
region generally have similar economic development patterns and
geographical features (Yang et al. 2022a). During the urbanization
process, urban agglomerations have the largest economic
development potential and the largest attractiveness to the
floating population. To promote economic development, the
central government approved the development of seven urban
agglomerations in 2018 (Wang et al. 2023). Typically, Beijing-
Tianjin-Hebei, Yangtze River Delta, Pearl River Delta, and
Chengdu-Chongging urban agglomerations have experienced
rapid aggregation of the population in the central cities and rapid
industrial development over the past few decades (Li et al. 2022).
Therefore, vehicle ownership in these four major urban
agglomerations is further analyzed.

Inequality analysis. We employed the Theil index and its
decomposition formula to measure the inequality in vehicle
ownership rates in Chinese cities according to previous studies
(Clarke-Sather et al. 2011; Xu, 2020). The Theil index indicates
the degree of regional inequality in vehicle ownership rate. The
growth of the Theil index represents an increase in vehicle
ownership rate inequality. At the national level, the Theil index of
vehicle ownership rate can be expressed as Eq. (1).
N V.
T=> vjln—]
=17 p;
N is the number of cities, v; is the proportion of the number of
vehicles in the city j to the total vehicle number, and p; is the
proportion of the population of the city j to the total population.
Equation (1) could be also expressed as Eq. (2).
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Table 1 The details of city-level data in this paper.

Data items Data sources

Spatial boundaries

Vehicle ownership
Population

GDP

Urbanization rate

City-level statistical yearbooks and bulletins

National, provincial, and city-level statistical yearbooks
Provincial and city-level statistical yearbooks
City-level statistical yearbook

Prefecture-level city
Prefecture-level city
Prefecture-level city
Prefecture-level city
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N; is the number of cities in region i, Vj; is the number of vehicles
in city j in region i, V; is the number of vehicles in region i, and V
is the number of vehicles in all cities. P;; is the population of city j
in Region I, and P is the population of all cities.

The disparity between cities in the region i (T;) could be

expressed as Eq. (3). In the equation, P; is the population of

region i.
Ni /V. V--/V-
T — ] 1 ij i
' j§<vi>n(Pij/Pi> &

The Theil index can be further divided into disparity within
regions (Twg) and disparity between regions (Tpg) as Eq. (4)
shows.

T =Tyr+ Tz 4)

In this equation, Ty, = Z?:l(%)T,» and Ty = Z?zl(%)ln(gi%).
Vehicle ownership rate growth pattern identification. In this
study, we use the level, speed, and acceleration of vehicle own-
ership rates to characterize the evolution pattern of the vehicle
ownership rate in China. The level is the vehicle ownership rate in
a city in a certain year. The speed is the change in vehicle own-
ership rate between two consecutive years. The acceleration is the
change in speed between two consecutive years. The ARIMA
(Autoregressive Integrated Moving Average) method (Cao et al.
2017; Fishman et al. 2016) is used to identify the growth patterns
of vehicle ownership rates. Accordingly, the growth patterns of
vehicle ownership rates in different cities can be classified into
4 types:

Type-A: The acceleration is stationary around zero, and thus
the speed of stock growth is stationary and the level of the stock
shows a linear growth trend.

Type-B: The acceleration is stationary with a positive value, so
the speed of stock accumulation increases linearly, and the level of
stock approximates parabolic shape growth.

Type-C: The acceleration has an increasing trend throughout
time, which results in the speed and level of stock accumulation
increasing rapidly.

Type-D: The acceleration exhibits a decreasing trend (from
positive to negative), which makes the speed entering a period of
increasing, stable, and decreasing.

Correlation analysis. To understand what causes the disparities
in vehicle ownership rate, we conduct a correlation analysis. In
this paper, Pearson correlation analysis is used to measure the
relationship between the vehicle ownership rate and GDP per
capita, as well as urbanization rate (Buehler and Pucher, 2011;
Ivanova et al. 2018; Law et al. 2015). Pearson correlation analysis
is often used to quantify the relationship between two variables.
The value of the Pearson correlation coefficient ranges from —1
to 1. A correlation coefficient of 1 means that the two variables
are perfectly related in a positive manner. If the correlation
coefficient is —1, the two variables are perfectly related in a
negative manner. A correlation coefficient of 0 indicates that
there is no linear relationship between two variables (Gogtay and
Thatte, 2017). The calculation of correlation coefficients is based
on R. The relationship between vehicle ownership rate and GDP
per capita, as well as the relationship between vehicle ownership
rate and urbanization rate, are quantified respectively. The results
of correlation analysis could provide insights to identify cities that
are likely to experience a rapid growth in vehicle ownership rate
in the future.

4

Results

A rapid increase in vehicle ownership. Widespread urbanization
in China has led to a rapid boost in the size of the vehicle stocks.
Since 2000, China’s vehicle stocks have increased with an annual
average growth rate of 15% and soared to 273 million units in
2020, thus China surpassed the United States to become the
world’s largest vehicle holder for the first time (Fig. 2a). However,
on the per capita basis, China’s vehicle ownership is still sig-
nificantly lower than that of developed countries. Specifically, in
2020, the vehicle ownership rate (vehicle ownership/capita) in
China was only 0.19, whereas, in developed countries such as the
U.S,, it was as high as 0.83, and even South Korea had reached
0.47 (Fig. 2b). Comparatively, China is still at the initial stage of
motorization, which means a steady growth in vehicle stocks is
foreseeable in the future.

The vehicle stocks are unevenly distributed across different
regions in China (Fig. 2c). At the regional level, the North Coast
region has the largest vehicle stocks. In 2018, the North
Coast region had more than 45.8 million vehicles, followed by the
East Coast region (37.3 million), the Middle Yellow River region
(30.9 million), and the Middle Yangtze River region (29.0 million).
The Northwest region had the lowest vehicle stocks of 6.9 million
units. The annual growth rates of vehicle stocks in different regions
varied widely, but they both showed a decreasing trend around
2009 (Fig. 2d). In 2018, the Middle Yangtze River region had the
largest vehicle stock growth rate at 15.1%. In comparison, the
Northwest region’s growth rate was 8.4%. The growth rate of
the whole country decreased to 11.3% by 2018.

At the city level, there is a huge diversity in the vehicle
ownership. Four major urban agglomerations, (i.e., Yangtze River
Delta, Beijing-Tianjin-Hebei, Pear]l River Delta, and Chengdu-
Chongqing urban agglomerations), where rapid urbanization is
taking place, had about 40% of the national vehicle stocks (Fig.
2e). In 2018, the Yangtze River Delta had the largest vehicle
stocks of 37.6 million, while the Chengdu-Chongqing agglomera-
tion had the smallest stocks of only 14.0 million. During
2001-2018, vehicle ownership rates in the Yangtze River Delta,
Beijing-Tianjin-Hebei, and Pearl River Delta urban agglomera-
tions were higher than the national level, while the gap between
Chengdu-Chongging urban agglomeration and the national level
was expanding (Fig. 2f). In 2018, the Beijing-Tianjin-Hebei had
the highest vehicle ownership rate, followed by the Yangtze River
Delta, the Pearl River Delta, and Chengdu-Chongqing urban
agglomeration. In 2018, the top 5 cities with the highest vehicle
stocks were Beijing, Chengdu, Chongqing, Shanghai, and Suzhou
(Fig. S1). Beijing had the highest vehicle stocks of 5.7 million
units in 2018, while Ezhou (in Hubei province) had the lowest
stocks of 68.1 thousand units. Vehicle stocks in all cities have
been increasing from 2001 to 2018 (Fig. S2). However, an obvious
slowdown in the increase of vehicle stocks can be observed in
megacities like Beijing, Guangzhou, Tianjin, Hangzhou, and
Shenzhen due to the strict regulations on registration of new car
plates issued by local governments.

Spatial inequalities in vehicle ownership rates. From the per
capita perspective, the vehicle ownership rates have experienced a
substantial expansion and are widely, but unevenly distributed
across mainland China. The rapid spatial expansion in vehicle
ownership rates reflects remarkable economic progress and
growing service demand from societies. It shows clearly on the
map that there is a big gap between the eastern and western
regions (Fig. 3a-c). Besides, coastal cities and provincial capitals
have more vehicles than other cities on a per capita basis (Figs.
3c and S3). For example, in 2001, Beijing had the highest vehicle
ownership rate, followed by Karamay, Urumqji, and Zhuhai. By
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2010, the rapid urbanization and industrialization in coastal
regions (such as Shenzhen, Dongying, and Ningbo) and pro-
vincial capitals in the mainland (such as Taiyuan, Lhasa, and
Zhengzhou) stimulated urban motorization, which resulted in the
explosive growth of vehicle stocks in these cities. In 2018, we
found the highest level of vehicle ownership rate in Hohhot (in
Inner Mongolia Autonomous Region) with 0.343, followed by
Jinhua (in Zhejiang province) with 0.336, Dongying (in Shandong
province) with 0.320, and Urumgqi (in Xinjiang Autonomous
Region) with 0.319. We also found that cities in the Yangtze River
Delta, Beijing-Tianjin-Hebei, and Pearl River Delta urban
agglomerations generally had higher levels of vehicle ownership
rates. Comparatively, the values of cities in Chengdu-Chongqing
urban agglomerations were lower except for Chengdu. Figure 3d
shows the development trend of vehicle ownership rates in dif-
ferent regions. In 2018, the East Coast region had the highest
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vehicle ownership rate, while the Mid-Yangtze River region had
the lowest vehicle ownership rate. The gap between the two
regions reached 0.095.

The inequalities in vehicle ownership rates showed a decreas-
ing trend at both national and regional levels. At the national
level, the Theil index increased from 0.28 in 2001 to 0.29 in 2003
but has since been on a downward trajectory (Fig. 3e). A similar
trend is observed in intra-regional disparity (Twg). During
2001-2018, the inter-regional disparity (Tpgr) was substantially
lower than Tyyg, indicating that differences between regions were
much lower than those within regions. Furthermore, Tpg
experienced an uptick from 2001 to 2004 before entering a
period of decline.

At the regional level, the Theil index of eight regions also
displayed a decreasing trend in terms of vehicles per capita
(Fig. 3f). In 2018, the North Coast region exhibited the lowest
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Theil index, signifying the most balanced distribution of vehicle
ownership on a per capita basis. This region was closely followed
by the Northeast and East Coast regions. In contrast, the
Southwest, Northwest, and the Middle Yangtze River regions
demonstrated greater disparities between cities. Many cities in
these regions were still in the early stages of motorization. Their
capital cities, however, possessed significantly more vehicles than
their counterparts. Consequently, these regions experienced
notably high disparities in the spatial distribution of vehicles.

Saturation occurs in vehicle ownership rates. Four distinct
evolutionary stages of the vehicle ownership rate can be identi-
fied, which generally follows a logistic growth curve, often
described as an S-shape curve (Fig. 4). Based on the various stages
of motorization, cities can be categorized into four types:

6

e Type-A: Cities in this category are at the initial stage of
motorization. There are 56 Type-A cities and most of them
are primarily located in the central and western regions of
China. The average vehicle ownership rate in these cities
was 0.10 in 2018.

e Type-B: Representing the take-off stage of motorization,
Type-B encompasses the majority of Chinese cities. In
2018, the average vehicle ownership rate in Type-B cities
was 0.15.

e Type-C: Cities in this category are in the accelerating stage
of motorization. This type includes 22 cities, most of which
are provincial capital cities or developed cities in coastal
regions. The average vehicle ownership rate in these cities
was 0.26 in 2018.

e Type-D: Cities in this category have entered the slow-
down stage, and most of them are located in eastern
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Fig. 4 Evolutionary stages of vehicle ownership rates growth. Shangluo, Fuzhou, Shenyang, and Xiamen are the representative cities for Type-A, Type-B,

Type-C, and Type-D respectively.

China. The average vehicle ownership rate in Type-D
cities was 0.25 in 2018. As mentioned above, cities such
as Beijing, Shenzhen, Guangzhou, and Tianjin have
implemented strict purchase restriction regulations for
vehicle plates (Table S2). Therefore, it is plausible that
the saturation point of these cities could be very low.
Their vehicle ownership rates range from around 0.15 to
0.30 (Fig. S4). Additionally, Type-D cities like Xiamen,
Karamay, and Zhuhai also manifest a slow-down trend in
vehicle ownership rates, despite the absence of vehicle
purchase restriction policies (Fig. S3).

Compared with developed countries (Fig. 1b), Chinese cities
enter the slow-down stage at a lower level of vehicle ownership
rates. Thus, the saturation level of vehicle ownership rate in
China is probably lower than that in developed countries.

However, considering that most of the Chinese cities are still in
the initial stage and take-off stage, the vehicle ownership rates in
these cities are expected to continue growing, leading to a larger
vehicle stock in the future.

Vehicle ownership rate is positively related to both GDP per
capita and urbanization rate. The correlation analysis results
show that the correlation coefficient between vehicle ownership
rate and GDP per capita is 0.80. Generally, Type-C and Type-D
cities have high GDP per capita, which translates to higher vehicle
ownership rates (Fig. 5a). Comparatively, most Type-A and Type-
B cities possess a GDP per capita of around 30000 CNY/cap, with
lower vehicle ownership rates.

While cities may share similar GDP per capita, vehicle
ownership rates can still show significant disparities, indicating
that factors beyond economic output influence vehicle ownership.
The correlation coefficient of 0.63 between vehicle ownership and
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here is the same as Fig. 4.

urbanization rates reinforces this, as it suggests a trend that more
urbanized cities generally have higher vehicle ownership rates.

As Fig. 5b shows, the urbanization rates for most Type-A and
Type-B cities fall below 60%, whereas the rate for most Type-D
cities exceeds 70%. Notably, even with high GDP per capita and
urbanization rates, megacities such as Shenzhen, Shanghai, and
Guangzhou exhibit lower vehicle ownership rates, which can be
attributed to vehicle purchase restrictions. For instance, Shanghai,
which implemented purchase restrictions in 1994, controls the
number of license plates issued annually, resulting in a sluggish
growth of vehicle ownership from 2001 to 2018 (Fig. S4).
Consequently, Shanghai is categorized as a Type-B city. Our
analysis underscores the complex relationship between a city’s
motorization level and its development trajectory. Currently,
most of the population is still living in underdeveloped cities.
With the development of the economy and urbanization, vehicle
ownership rates in these cities will keep growing in the near
future.

Discussion

Spatial diversity highlights the inequality feature of urbaniza-
tion. There is a large inequality in vehicle ownership rates
between coastal cities and inland cities (Fig. 3a—c). Meanwhile,
the inequality index shows a declining trend over 17 years at both
national and regional levels (Fig. 3d—e). Vehicle ownership rates
in coastal cities and provincial capital cities are generally much
higher than in other cities. As Fig. 5 shows, the inequality in
vehicle ownership rates could be partly attributed to the

8

imbalance in GDP per capita and urbanization rates among cities
(Dargay et al. 2007). The disparity in economic and urbanization
development is generally considered to be due to historical and
geographical factors. Since China’s reform and opening up, the
coastal areas have benefited a lot from financial and policy
incentives and developed rapidly (Xie and Zhou, 2014). There-
fore, cities in the East Coast region and the North Coast region
have a high level of vehicle ownership rates and the inner-
regional inequality in these regions is relatively low.

To achieve balanced development and alleviate poverty, the
central government implemented the “Develop-the-west strategy”
in the 10th Five-Year Plan and the “Central-China-rising
strategy” in the 11th Five-Year Plan (Song et al. 2020). These
strategies have promoted the construction of infrastructure and
the development of industrialization in the central and western
regions. For instance, according to the “National Highway
Network Planning” released by the central government, over half
of the proposed new highways are slated for construction in the
central and western regions of China (Hao et al. 2011). These
strategic infrastructure projects have significantly stimulated
economic growth and increased urbanization rates.

As mentioned above, GDP per capita and urbanization rate are
positively correlated with the vehicle ownership rate. The
decrease of inter and inner-regional inequality in vehicle own-
ership rates reconfirms the effect of balanced regional develop-
ment strategies in China. However, the gap between cities still
exists (Figs. 3¢ and 5), which means more policies are needed to
realize coordinated development. It is also clear that cities with
similar per capita GDP and urbanization rates may not
necessarily have the same vehicle ownership rates, which means
the disparities in vehicle ownership rates are affected by other
development indicators. However, these data are currently not
available at the prefectural level.

A wide disparity existed in total vehicle stocks at both regional
and city scales. Regionally, vehicle stocks are mainly distributed in
the North Coast region and the East Coast region. Comparatively,
vehicle in-use stocks in the Northeast region and the Northwest
region are much lower (Fig. 2c). At the city level, coastal cities
(such as Guangzhou, Shenzhen, and Suzhou), municipalities
(such as Shanghai, Beijing, and Chongqing), and inland
provincial capital cities (such as Zhengzhou, and Taiyuan) have
higher vehicle stocks than other cities (Fig. S1). During China’s
rapid urbanization, there has been a significant migration flow
from smaller cities to larger metropolitan areas, which is driven
by the pursuit of enhanced employment prospects, superior
healthcare services, and improved educational facilities (Li and
Lu, 2021). This trend of population concentration in large cities
has led to a marked increase in vehicle stocks, especially in more
developed cities such as municipalities, provincial capitals, and
coastal cities. Understanding the spatiotemporal distribution of
total vehicle stocks is not only crucial for providing data support
for strategic site selection and capacity planning of regional
facilities managing end-of-life vehicles but also for projecting
future trends in vehicle energy consumption and emissions
output.

A lower saturation level implies more intensive development
in China. Based on city-level data, we discover that the growth of
vehicle ownership rate follows a logistic pattern (S-shape curve).
It is worth noting that this result could not be observed on a
national or provincial scale (Gan et al. 2019; Huo and Wang,
2012). Based on the S-shaped curve, cities can be classified into
four stages of motorization. This classification can help to better
estimate the growth trend of vehicle ownership rates and vehicle
stocks in China. For example, we speculate that the cities in the
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central region will drive the vehicle stock accumulation in China,
as they have a large population and most of them are in the take-
off stage of motorization (Figs. 4 and S5). Fueled by economic
development and the urbanization process, the vehicle stocks in
these cities are expected to rapidly increase soon.

Based on our analysis of Type-D cities, China is likely to have a
lower saturation level of vehicle ownership rate. The urban
population density of Chinese cities is higher than that of
Western cities (Chen et al. 2008; Xu et al. 2019). As evidenced by
cities like Beijing, Guangzhou, and Tianjin, the high population
density often leads to a scarcity of land resources needed for
vehicles, such as roadway infrastructure and parking space (Gan
et al. 2019). The rapid increase in vehicle stocks in large cities has
led to serious traffic congestion and air pollution (Liu et al. 2020;
Liu et al. 2019; Zheng et al. 2014). To solve these problems,
various vehicle purchase restriction policies have been introduced
by local governments (Table S2). Meanwhile, China has been
dedicating itself to developing public transportation, including
city buses, subways, and intercity high-speed railways (Mao et al.
2021). It has been proved that the fast and convenient public
transportation system can significantly reduce the demand for
vehicles (Dargay et al. 2007; Kowald et al. 2016; Ma et al. 2018;
Yang et al. 2022b).

Although the growth of vehicle ownership could promote
economic development and provide convenient travel services to
residents, it also brings a series of environmental and social
problems. For instance, China’s oil demand has experienced
substantial growth over the past four decades due to the rapid
increase in vehicle stocks. The consumption of oil fuels has
contributed to energy security and greenhouse gas emissions. In
2018, it is estimated that carbon emissions from China’s
transportation sector accounted for 9.2% of the total, which
means transportation became one of China’s three main carbon
emissions sectors (Qiu et al. 2022; Yu et al. 2021). Besides, air
pollutants such as NOy (nitrogen oxides), PM,s (particulate
matter with a diameter of no more than 2.5 um), and O; (ozone)
emitted by fuel vehicles can damage human health and increase
premature deaths (Fu et al. 2024).

The rapid growth of vehicle ownership has also led to a
corresponding increase in end-of-life vehicles. Improper disposal
of end-of-life vehicles can have catastrophic effects on the
environment and public health. For example, toxic materials in
discarded batteries (such as lithium, cobalt, lead, and electrolyte
additives) might have harmful impacts on the natural environ-
ment and human health during transportation and mechanical
disassembly stages (Bauer et al. 2022; Ren et al. 2023). On the
other hand, traffic congestion has emerged as a severe issue in
numerous Chinese cities, resulting in increased travel durations
and escalated costs for both commuters and freight companies.
The situation is compounded during traffic jams when vehicles
emit exhaust gas at higher rates, which significantly worsens air
pollution (Rahman et al. 2021). Given China’s vast population,
maintaining a lower saturation point for vehicle ownership rate
could yield considerable environmental and societal advantages
by mitigating the negative impacts associated with the country’s
motorization phase.

Vehicle purchase restriction policies could dampen vehicle
ownership growth, but governments must also address residents’
increasing travel needs. In China’s large cities, car-sharing, ride-
hailing, and taxis are playing an important role in urban
passenger transport and becoming important supplements to
the public transportation system (Hui et al. 2019; Tang et al.
2019). The insights gained from this study suggest that cities in
the early stages of urbanization and industrialization, both in
China and other developing nations, have the opportunity to
pursue more sustainable transportation strategies as they progress

through motorization. Implementing proactive planning and
policy decisions from the outset can guide these cities towards a
lower reliance on private vehicles, thereby supporting the
attainment of Sustainable Development Goals within the
transportation sector (Pauliuk et al. 2012; Winkler et al. 2023).
For example, developing compact cities will promote the
construction and operation of the public transportation system,
thus the need and demand for private vehicles could be reduced
(Bibri et al. 2020; Fu et al. 2024).

The database can serve as the foundation for analyzing energy
consumption and material cycles. The projection of vehicle
stocks could offer valuable information on urban mining (Zeng
et al. 2020; Zhang et al. 2022), material demand (Aguilar Lopez
et al. 2023; Billy and Miiller, 2023; Xu et al. 2020), and energy
consumption (Bu et al. 2021; Zheng et al. 2015) to governments
and related industries. Currently, most studies on vehicle own-
ership projection in China focus on national and provincial
scales. For example, Hao et al. (2011) estimated that China’s
vehicle stock will reach 607 million by 2050. Lu et al. (2023)
assessed China’s road transport decarbonization pathways and
critical battery mineral demand. Their results showed that Chi-
na’s vehicle stock will reach 520 million by 2050, and it will
gradually decline to 500 million by 2060. Peng et al. (2018)
estimated the future energy demand and carbon dioxide
emissions of China’s road transport at a provincial level. The
results showed that vehicle stock in China will keep increasing to
543 million by 2050. Zhang et al. (2023) analyzed the impact of
nickel recycling from batteries on nickel demand during vehicle
electrification in China from 2010-2050. According to their
estimation, China’s vehicle stock is likely to reach 680 million in
2050. The estimates of vehicle stock in China from existing
studies are quite different because the results are sensitive to
historical data and assumed saturation levels of vehicle ownership
rate (Hao et al. 2011). A saturation level in the range of 0.20-0.80
vehicles per capita was normally used for China (Gan et al. 2019).
We speculate that a saturation level of 0.30-0.50 vehicles per
capita is reasonable according to our city-level results.

According to previous studies (Zeng et al. 2016; Zhao et al.
2019; Zheng et al. 2015), city-level vehicle stocks could also be
forecasted using the same methods in national and provincial
level studies, which are based on historical data (vehicle
ownership rate and GDP per capita) and future projections
(based on GDP and population). Given the fact that China’s
population and economic activity are unevenly distributed,
estimation based on city-level data could refine the accuracy of
the country’s vehicle stocks forecasts. Additionally, material flows
of critical resources used in vehicles, including lithium, cobalt,
iron, aluminum, copper, plastic, and rubber, and the greenhouse
gas emissions from vehicles could be analyzed combined with the
penetration scenarios of new energy vehicles. China has been the
world’s largest consumer of electric vehicles for many years (Lu
et al. 2022). However, in this paper, there is no specific analysis of
electric vehicles due to the limitation of data availability. Further
research could be conducted as more detailed data is added to our
city-level database.

Our results unavoidably bear uncertainties. First, although our
research covers the vast majority of prefecture-level cities in
China, it still ignores some prefecture-level cities that are
relatively underdeveloped. Consequently, the in-use vehicle stocks
in some regions are underestimated and vehicle ownership rates
in these regions are likely to be overestimated, especially in the
Northwest region and Southwest region. Second, statistical
uncertainties in data collection and organization might affect
the results of this study. For example, the population and GDP of
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several cities sometimes show a fluctuating trend because of
wrong data or misleading data. Besides, data from sample surveys
organized by local governments are generally much noisier than
national census data. However, national population censuses and
economic censuses are organized every 10 years and every 5 years,
respectively. Third, discrepancies can arise between the number
of registered vehicles and the actual vehicle stocks; this is due to
the inclusion of end-of-life vehicles that have yet to be
deregistered and the exclusion of newly sold vehicles that have
not been registered. For a more accurate reflection of the
situation, there is a clear need for access to more current,
authoritative, and detailed data sets to enhance the credibility of
the study’s results.

Conclusions

Based on data from 283 Chinese prefecture-level cities, spatio-
temporal patterns of vehicle ownership in mainland China are
analyzed. At the regional level, most of the vehicle stocks are
accumulated in the North Coast region and the East Coast region.
At the city level, coastal cities and provincial capital cities generally
hold more vehicles than other cities. The inequality in vehicle
ownership rates across cities shows a declining trend at both national
and regional scales. Overall, the growth of vehicle ownership rates
follows an S-shape curve and is closely related to a city’s affluence
and the urbanization rate. However, vehicle plate restriction policies
could significantly affect the development trend of vehicle ownership
rates. Vehicle ownership rates in megacities like Beijing, Guangzhou,
and Shenzhen showed a saturation trend at a relatively low level
because of the vehicle plate restriction policies. Besides, the satura-
tion level of vehicle ownership rate in China is likely to be lower
than that in developed countries. Considering the fact that most
Chinese cities are still at the initial and take-off stages of motor-
ization, we suggest promoting the development of intercity and
inner-city public transport systems, which could meet the increasing
travel demand of urban residents with fewer vehicle stocks. Fur-
thermore, understanding the growth pattern of vehicle ownership
can help us better forecast future demand for vehicles in China,
estimate the resulting energy consumption and material cycles, and
deploy different strategies to achieve sustainable transportation.

Data availability

Country-level data used in this study are listed in Supporting
Information (Tables S3 and S4). Data used in the Figs. 2-5 are
listed in Research data file. Other city-level data are available from
correspondent authors upon reasonable request.
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