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H I G H L I G H T S

• CO2 emission inventories of shrinking
and growing cities are compiled.

• Emission patterns of various shrinking
and growing cities are investigated.

• CO2 emission mitigation of shrinking
cities occurred with the decline of
secondary industry.

• Growing cities can achieve emissions
mitigation with economic growth.

• Results are helpful for shrinking and
growing cities’ sustainable develop-
ment.
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A B S T R A C T

The implementation of CO2 emission mitigation policies in cities is the key to China achieving its national
emission mitigation targets. China is experiencing rapid urbanization and facing huge inequality in regional
development and then shrinking cities generate. This study, for the first time, discusses long-term CO2 emission
patterns of shrinking cities with comparisons of growing cities. 55 cities in Northeast China and the Yangtze
River Delta are selected as cases. We first categorize these cities into three groups of shrinking cities and three
groups of growing cities with a population index. Each group’s emission patterns in terms of energy, employment
and industry structures are then examined. We find that CO2 emissions in the rapidly shrinking group presented
a continuously increasing trend, while the other five groups reached their emission peaks in 2011–2013. For
slightly and moderately shrinking groups, CO2 emission mitigation was a positive sign but occurred with the
decline of secondary industry, especially for resource-based or heavy manufacturing cities, such as Daqing and
Anshan in Northeast China. In the case of three types of growing cities, cities were capable of mitigating CO2
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emissions and maintaining economic growth. The slightly growing group was the optimal type among these six
groups. Its CO2 emissions experienced a decline with an annual rate of −1.47% during 2013–2015, while the
economy still soared (increased by 7.27% annually). New economic growth points should be fostered to mitigate
further shrinkage and achieve sustainable development for shrinking cities. The cities’ categorization rules,
research thinking, and results offered in this study could provide a reference for other cities or developing
countries at similar industrialization/urbanization phases to abbreviate their path towards a low-carbon
economy.

1. Introduction

China's urbanization and industrialization have grown rapidly in
recent decades, which lead to a quick increase in the country’s CO2

emissions. Approximately 27.9% of global CO2 emissions in 2017 come
from China, which is more than come from the United States (15.2%) or
total Europe (12.4%) [1]. China’s national mitigation target, to de-
crease emission intensity by 60–65% (compared with the 2005 level) by
2030 [2], is expected to be allocated across prefecture-level cities
[3–5]. The implementation of CO2 emission mitigation policies in cities
is the key to achieving the expected target and has attracted increasing
attentions [6–8]. China is experiencing rapid urbanization and facing
huge inequality in regional development. Population growth and
shrinkage occur simultaneously in city development [9,10], and cities’
growing and shrinking characteristics vary. A single mitigation action
will not be suitable for all of Chinese cities [3,11]. Therefore, CO2

emission mitigation policies should be adjusted according to the char-
acteristics of different city types to reach its goal more effectively.

Demographic change is an important factor that affects carbon
emissions [12–14]. Most studies focus on the CO2 emissions of growing
cities and note that population growth is one of the major driving forces
[15–17]. Based on data from 93 countries from 1975 to 1996, Shi [18]
found that global population growth is more than proportionally as-
sociated with an increase in CO2 emissions. Poumanyvong and Kaneko
[19] pointed out that 1% rise in population will increase CO2 emissions
by 1.12%, 1.23% and 1.75% in high, middle and low-income countries,
respectively. As for China, Zhou and Liu [20] found that the elasticity of
CO2 emissions to population size was 0.46.

Urbanization has been a well-established trend in the 20th and
21st centuries. However, depopulation in some countries and numerous
cities are becoming serious problems, known as shrinking cities. The
concept of shrinking cities was first proposed by two German scholars,
Häußermann and Siebel [21]. Turok and Mykhnenk [22] defined that
shrinking cities are those with a rate of population change below their
national average. Hoekveld [23] pointed out that city shrinkage means
a decline of the total population in urban areas for at least 5 years.
Besides, some scholars deemed that the generalized concept of city
shrinkage goes beyond general population decline, which is a multi-
dimensional process with multidimensional effects. Schilling and Logan
[24] defined shrinking cities as some old industrial cities which suffer
from significant and continuous population decrease by at least 25%
over the past 40 years with rising levels of vacant and abandoned
properties. Martinez-Fernandez et al. [25] considered city shrinkage as
a city, part of a city, an entire metropolitan area or a town that suffers
from population outflow, economic decline, increasing unemployment
and social problems as symptoms of a structural crisis. The Shrinking
Cities International Research Network (SCiRN), which was founded in
2004 for promoting global researches on shrinking cities, defined the
shrinking city as a densely populated city with at least 10,000 residents
that has suffered from population outflow in large parts for more than
2 years and is undergoing economic transformations with some symp-
toms of a structural crisis [26]. In this study, we follow the definition
proposed by SCiRN, which has gained higher recognition worldwide
and been adopted by many scholars [27–31]. We chose population as
the variable to describe shrinking and growing cities and analyzed them
under the framework of the 2008 financial crisis.

City shrinkage in developed countries is a more common phenom-
enon. For example, Schwedt and Dresden in eastern Germany [27,32],
mining cities in Poland, Manchester and Leeds in the United Kingdom
[33], the Osaka Metropolitan Area in Japan [34] and St. Louis in the
United States [35] are struggling to retain human capital and shore up
the economy. Recently, shrinking cities have raised Chinese scholars’
concerns [31,36]. Long and Wu [31] also followed the definition pro-
posed by SCiRN and identified 40 shrinking cities in China based on
national population censuses in 2000 and 2010. Moreover, city
shrinkage is first highlighted in the government document of Key Tasks
in China’s New-type Urbanization Construction in 2019 [37]. Policy-
making about regeneration strategies [27,38,39] and spatial planning
[40,41] for shrinking cities has attracted increasing attentions. CO2

emissions mitigation policies for shrinking cities should also be em-
phasized and formulated to deal with the new challenge. However, CO2

emissions analysis of shrinking cities is still poorly researched.
In order to fill this gap, in this study, we firstly propose a population

index to measure population shrinkage and growth, and apply it for
categorizing cities into three groups of shrinking cities and three groups
of growing cities (see Methodology for categorization of shrinking and
growing cities). We discuss the CO2 emission patterns of the six groups
based on their energy, employment and industry structures. The cities
mentioned in this study refer to prefecture-level cities in China. The
prefecture-level cities include both build-up city and rural area. Based
on the latest administrative planning report, there are 334 prefecture-
level cities in China. We select 55 cities from three provinces in
Northeast China (Liaoning, Jilin, and Heilongjiang) and three provinces
in the Yangtze River Delta (Shanghai, Jiangsu, and Zhejiang) as case
cities in this study (see Methodology for case cities and data sources).

The contributions of this paper are threefold. First, we, for the first
time, focus on the CO2 emission patterns of shrinking cities with com-
parisons of growing cities. The reasons behinds the shrinkage and
growth as well as their link with CO2 emissions are discussed. Second,
the city-level emission inventories are constructed using an internally
consistent emission accounting framework. Our consistent, transparent
and comparable emission inventories provide robust data support for
China’s emission mitigation. Third, the cities’ categorization rules, re-
search thinking and results offered in this study provide a reference to
help other cities or even other developing countries at similar in-
dustrialization or urbanization phases to abbreviate their path towards
a low-carbon economy.

2. Methodology

2.1. Case cities

Due to the broadness of the area under study and the imbalanced
levels of socioeconomic development, different parts of China are cur-
rently experiencing various stages of CO2 emissions and demographic
change [42]. As the cradle of industrial development, Northeast China
consists of three provinces, namely, Liaoning, Jilin and Heilongjiang.
However, Northeast China was left behind after China’s economic re-
form in 1978, and heavy industry declined. Due to the shrinking of its
once-powerful industrial sector and the decline of its economy, this
region is called the Rust Belt in China [43]. For example, the GDP
growth rate of Fuxin, a coal city in Liaoning Province, was −6% in
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2015 [44], while the national level figure was 6.9% [45]. To bring the
economy of Northeast China back on track, the “Northeast Revitaliza-
tion Plan” was implemented to promote the economic transformation of
resource-based or heavy industry-based cities after 2003 [46]. In recent
years, Northeast China has faced resource exhaustion [47] and pro-
blems from its unbalanced industry structure [48], and it has suffered
from human capital flight [36] (see Fig. 1). Its total population de-
creased from 105.52 million in 2009 to 103.19 million in 2015 [45].
The Yangtze River Delta consists of Shanghai, Jiangsu and Zhejiang
provinces. With its higher urbanization rate and industrialization level,
the Yangtze River Delta is densely populated; since the reform and
opening up, urbanization and industrialization have stimulated the
mobility of people across regions [49]. The total population in this
region experienced a significant increase, rising from 135.36 million in
2009 to 140.34 million in 2015 [45,50]. Thus, the Yangtze River Delta
has become one of China’s three major urban agglomerations. In terms

of CO2 emissions, the Yangtze River Delta and Northeast China both
contributed a considerate amount of CO2, representing approximately
13.3% and 9.9% of China’s CO2 emissions in 2015, respectively [51]. In
this research, 25 Yangtze River Delta cities and 30 Northeast China
cities were selected to conduct an empirical study on the emissions

Fig. 1. Spatial distribution and population index of cities in Northeast China and the Yangtze River Delta for 2003–2009 (A) and 2009–2015 (B). We categorize 55
cities into the rapidly shrinking group (dark blue), moderately shrinking group (blue), slightly shrinking group (light blue), slightly growing group (light red),
moderately growing group (red) and rapidly growing group (dark red). Qitaihe, Baishan, Jinzhou, Tiding, Yingkou, and Huludao in Northeast China (blank) are
excluded due to the unavailability of energy data. The sub-picture in the middle indicates the South China Sea Islands.

Table 1
Categorization rules of city types.

Group Population Index

Rapidly shrinking group (RSG) [0,0.990)
Moderately shrinking group (MSG) [0.990,0.995)
Slightly shrinking group (SSG) [0.995,1.000)
Slightly growing group (SGG) [1.000,1.005)
Moderately growing group (MGG) [1.005, 1.010)
Rapidly growing group (RGG) [1.010,+∞)
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patterns experienced under city growth and shrinkage. Because sig-
nificant population change was detected around the 2008 financial
crisis (see Fig. 1), the 55 cities were categorized into six categories
based on their demographic change from 2009 to 2015 (see Table 1).
The period of 2003–2008 is also taken into account for comparison.

2.2. CO2 emission inventory construction

We estimated CO2 emissions for 30 cities in Northeast China and 25
cities in the Yangtze River Delta from 2003 to 2015. The CO2 emissions
calculation method used in this study was discussed in our previous
study [7] and only the significant details are shown here. The calcu-
lation of CO2 follows the Intergovernmental Panel on Climate Change
[52], and we scale down the provincial energy balance table to the city
level based on GDP, industrial output and demographic data [7]. CO2

emissions contain two components, namely, energy-related and pro-
cess-related emissions.

Energy-related CO2 emissions:

∑ ∑= × × ×
= =

CE AD NCV CC Oij
i j

ij i i ij
1

17

1

47

(1)

In Eq. (1), CEij represents CO2 emissions from 47 sectors and 17 fuel
types [7]. ADij indicates the amount of fossil fuel consumption, NCVi
and CCi are the net caloric value and carbon content per calorie of
different fuel types, respectively. Oij is the carbon oxidation ratio for
different sectors and fuel types. Newly measured emission factors,
which are now widely adopted in many studies [51,53–55], from Liu
et al. [8] are used in this study.

Process-related CO2 emissions:

∑= ×CE AD EF
t

t tprocess
(2)

In Eq. (2), CEprocess indicates CO2 emissions from 9 main industrial
processes [7], and t refers to industrial process t. ADt indicates activity
data, and EFt is the emission factor, as per Liu et al. [11].

2.3. Categorization of shirking and growing cities

Some studies adopt the population change rate over a period
[24,56] or absolute population change over a period [27,35] to mea-
sure demographic decline. However, these two indexes will obtain ne-
gative numbers which can’t take logarithmic forms in econometric
analysis [57]. Also, these indexes fail to provide better insights without
calculating them as an annual term. To overcome these limitations, we
propose a population index to measure city shrinkage and city growth,
as follows:

= −
P
P

PI t t
t

t
( , ) t t0 1

1

0

1 0
(3)

PI t t( , )0 1 represents the population index (PI) between year t0 and year t1,
and this can be used to measure the population change for each region
over a defined period. PI varies on the interval [0, +∞). PI＞1 (or< 1)
corresponds to population expansion (or shrinkage). Pt0 and Pt1 are the
mean population in years t0 and t1, respectively.

Comprehensively considering the studies about group divisions
[27,34,58] and population characteristic of these 55 cities, the cate-
gorization rules can be obtained as follows:

According to the value of PI in Table 1, cities can be divided into six
groups. For example, if the PI of a city equals to 1.004, the population is
1.004 times larger than it was in the previous year or the average an-
nual growth rate (AAGR) of the population is 0.4%, and this city be-
longs to the slightly growing group.

2.4. Data

Due to the availability, registered population data are selected to
describe shrinking and growing cities, which are collected from the
China City Statistical Yearbooks between 2004 and 2016 [59]. The 47-
sectoral fossil fuel consumption is collected based on the energy balance
table and industrial sectoral energy consumption table from each city’s
statistical yearbook. Due to the limitations of data quality, most cities
do not have energy balance tables, except Shanghai. We follow our
previous study to scale down the corresponding provincial tables to
obtain the city-level energy balance tables [7]. The data used for scaling
(that are urban/rural population, GDP, gross value of industrial output)
and employed persons are derived from cities’ and their corresponding
province’s statistical yearbooks from 2004 to 2016. Outputs of in-
dustrial product, which are used for process-related CO2 emissions
calculation, are derived from each city’s statistical yearbook. Value
added of primary, secondary and service industries shown in Fig. 4 is
converted into 2000 constant prices using the industry-level GDP index.

3. Shrinking and growing cities in Northeast China and the
Yangtze River Delta

Fig. 1 shows the spatial distribution of cities in each group. Based on
the value of PI (2009–2015) (see Table S3) and the categorization rules
(see Table 1), 28 cities (e.g., Daxinganling, Anshan, Yichun, Hegang,
Jiamusi and Daqing) shrank in 2009–2015, although only 12 cities were
shrinking before the 2008 financial crisis. The PI of 2, 12 and 14 cities
varies on the interval [0,0.990), [0.990,0.995) and [0.995,1.000),
which indicates that they belong to the rapidly shrinking group (RSG),
moderately shrinking group (MSG) and slightly shrinking group (SSG),
respectively (see Fig. 1; Table S3). In contrast, 27 cities (e.g., Shenyang,
Dalian, Xuzhou, Lianyungang and Suqian) grew from 2009 to 2015 (see
Fig. 1; Table S3). The PI of 14, 10 and 3 cities varies on the interval
[1.000,1.005), [1.005, 1.010) and [1.010,+∞), respectively, which
indicates that they belong to the slightly growing group (SSG), mod-
erately growing group (MGG) and rapidly growing group (RGG) (see
Fig. 1; Table S3).

All of the cities in Northeast China belonged to shrinking groups,
with the exception of Shenyang (PI1:1.00320) and Dalian (PI1:1.00248)
(see Fig. 1; Table S3). Daxinganling (PI1:0.98211) and Jiamusi
(PI1:0.98998), belonging to RSG, were the two cities experiencing the
most severe shrinking, with a −1.789% and −1.002% AAGR of the
population, respectively (see Fig. 1; Table S3). Meanwhile, Daqing,
which has the largest oilfield in China, shifted from the RGG to the SSG
due to the problem of resource exhaustion [60].

There are many reasons for the phenomenon of shrinking cities.
First, the negative impact exerted by the 2008 financial crisis on the
vulnerable and unbalanced industry structure of Northeast China forced
these cities to adjust industry structures and address excess production
capacity [61]. However, the industry adjustment was sluggish and new
economic growth points have not been fostered. This economic de-
pression led to a substantial number of employees losing jobs and
leaving their home region for better employment and living conditions
elsewhere. Second, Northeast China has relatively closed geographical
position, bordered by North Korea to the east, Russia to the north and
Mongolia to the west. This location holds back economic development,
and more high-quality resources are allocated to developed regions.
Lastly, well known as heavy industry-based and resource-based region,
Northeast China has many internal problems, such as an unreasonable
industrial structure, resource exhaustion and drawbacks of planned
economy [47,48,62]. High-emitting, high energy-consuming and low
value-added development path failed to meet the demands of the new
era. It is notable that Dalian and Shenyang in Northeast China were the
only two cities in that region growing over the 12-year period under
study (see Fig. 1). This may result from the fact that Shenyang, a pro-
vincial capital of Liaoning Province, is an important advanced
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equipment manufacturing base and national historical city [63].
Meanwhile, Dalian’s petrochemical industry, its pillar industry, con-
tributed substantially to Dalian’s economic and social development and
attracted an increasing workforce [64].

In contrast, the population of cities in the Yangtze River Delta all
increased between 2009 and 2015, especially for Xuzhou (PI1:1.01201),
Lianyungang (PI1:1.01312) and Suqian (PI1:1.01361) (see Fig. 1; Table
S3). Although Xuzhou, Lianyungang and Suqian in Jiangsu Province
were less developed, they experienced rapid economic growth, with
13.9%, 13.6% and 13.5% GDP growth rates in 2009. These growth rates
were much higher than that of Suzhou (11.5%), which had the highest
GDP per capita in Jiangsu Province in 2009 [65]. In another case,
Zhoushan experienced a population decrease before 2009 (PI:0.99940),
while it witnessed an increase between 2009 and 2015 (PI:1.00102)
(see Fig. 1; Table S3). This change reflects a significant industry ad-
justment and upgrading towards marine economy because Zhoushan
became one of the designated State-level New Areas in 2011 [66,67].
Growing cities concentrate resources, key infrastructure and in-
tellectual assets, which act as magnets for population and skills.

4. Emission patterns and development pathways of shrinking and
growing cities

The total CO2 emissions of these six groups all reached their emis-
sions peak or witnessed even a decreasing trend after 2011 or 2013,
with the exception of the RSG (see Fig. 2). Specifically, the patterns of
CO2 emissions variation tendencies in SSG, MSG, RSG, SGG, MGG and
RGG were “decrease after 2011”, “peak in 2011”, “increase after 2013”,
“peak in 2011”, “peak in 2011” and “quick growth and then stability
after 2013”, respectively (see Fig. 2). The slower growth trajectories of
CO2 emissions in SSG, MSG, SGG, MGG and RGG were consistent with
the result of a recent study that China’s emissions might have peaked in
2013 [68]. However, the reasons for CO2 emissions mitigation in these

five types of cities differed significantly. In the following sections, we
will analyze and compare the CO2 emissions patterns of these six groups
in more detail, examine the similarities and differences, and their cor-
responding determinants driving the patterns.

4.1. Slightly and moderately shrinking groups (SSG and MSG)

Because CO2 emissions patterns and structures were similar in the
SSG and MSG, we will analyze them together for better comparison.
Even with the impact of the financial crisis in 2008, economic devel-
opment was not negatively influenced in the shrinking groups (see
Fig. 4(A; B)) given financial support from the Chinese government, such
as the launch of a 4 trillion-yuan stimulus plan in 2008 [69]. In other
words, after 2009, many cities in the SSG and MSG continued to de-
velop traditional carbon-intensive industries such as the resource-re-
lated heavy manufacturing sectors and energy production sectors
[62,70]. Therefore, the CO2 emissions of SSG and MSG continued to
increase rapidly until 2011. Specifically, the SSG and MSG saw an in-
crease in carbon emissions generated from heavy manufacturing sec-
tors, rising by 11.86% and 10.13% between 2009 and 2011, respec-
tively (see Fig. 2(A; B)). For the energy production sectors, the SSG and
MSG also experienced an upward trend of 12.10% and 24.03% over the
same period, respectively (see Fig. 2(A; B)).

It is noteworthy that after 2011, CO2 emissions started to decrease
(SSG) or stabilize (MSG) (see Fig. 2(A; B)). However, the carbon in-
tensity of these two shrinking groups started to experience a much
slower decrease after 2013 (see Fig. 2(A; B)). To be precise, in SSG,
carbon intensity experienced a significant decrease between 2003 and
2013, dropping by 6.63% annually, while dropping by 3.95% annually
between 2013 and 2015. In MSG, carbon intensity decreased by 6.65%
annually between 2003 and 2013, while it decreased by a mere 0.42%
annually between 2013 and 2015 (see Fig. 2(A; B)). Previous research
has illustrated that different emission intensities are the result of critical

Fig. 2. Mean CO2 emissions and carbon intensity of each city group. The bar chart is carbon emissions (mt) by socioeconomic sector. The red broken line indicates
carbon intensity (metric tons/104RMB). In this study, 47 sectors are divided into eight main socioeconomic sectors, namely, primary industry, secondary industry
(construction, high-tech industry, heavy manufacturing, light manufacturing and energy production sectors), tertiary industry and households (see Table S1). The
results of the six groups are presented at an average instead of a cumulative level, meaning that we divide the results of each group by the number of cities in that
group.
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differences in technology [71,72]. This indicates that low-carbon
technology may not the reason for CO2 emissions mitigation after 2011.
In terms of energy structure, in the SSG, the percentage of energy
consumption derived from coal decreased by a mere 4.27% over the
study period, while the same figure for the SGG, MGG and RGG de-
clined by 6.05%, 8.43% and 8.48%, respectively (see Fig. 3). It is no-
teworthy that MSG even showed an increasing trend of 5.00% over the
period under study (see Fig. 3). This indicates that the energy structure
in the SSG and MSG did not improve significantly over the study period.

CO2 emission mitigation was a positive sign in SSG and MSG but
occurred with the decline of secondary industry. We argue that the
decline of secondary industry may account for the mitigation of CO2

emissions in SSG and MSG after 2011. Several years after the launch of
a 4 trillion-yuan stimulus plan, traditional industrial enterprises re-
duced their production scale to address the overcapacity problem [62].
This was supported by the slowing economy and human capital flight
around 2011, especially for secondary industry (see Fig. 4(A; B)).
Specifically, in the SSG and MSG, value added in secondary industry
experienced a decline after 2014, dropping from 93.24 billion RMB and
56.86 billion in 2014 to 89.70 billion RMB and 56.29 billion in 2015,
respectively, while the figure for primary and service industry con-
tinued to reflect growth (see Fig. 4(A; B)). Additionally, from the per-
spective of employment structure, secondary industry suffered from
remarkable human capital flight, which further hindered the develop-
ment of secondary industry. Specifically, there was a significant de-
crease in workers in secondary industry in the SSG and MSG, dropping
by 6.17% and 16.02% between 2011 and 2015, respectively (see
Fig. 4(A; B)). All cities in SSG and MSG are located in Northeast China,
an old industrial base in China that relies heavily on secondary in-
dustry, such as iron and steel, automobiles and manufacturing. Many
studies have found that secondary industry is the main contributor to
total CO2 emissions because it has the largest number of energy-in-
tensive sectors and a high level of industrial activity [73–75]. When
these heavy manufacturing sectors shrink, it inevitably results in the
decrease in CO2 emissions. Therefore, declining secondary industry in
the SSG and MSG can partly explain why total CO2 emissions decreased
after 2011. For example, Angang Steel Company Limited in Anshan of
the SSG, one of the largest steel-making companies in China, had to
phase out its backward and redundant industrial capacity to address a
major deficit after 2015 [76]. Even worse, the resource exhaustion
problem of many cities in these two shrinking groups, such as Liaoyuan,
Tonghua, Yichun, Hegang and Shuangyashan [47], further hindered the
improvement of energy structure and the development of secondary
industry.

4.2. Rapidly shrinking group (RSG)

For the RSG, total CO2 emissions were the lowest among the six
groups, mainly because of its industry structure. Primary industry in the
RSG contributed remarkably to economic development, accounting for
22.0% of GDP in 2015, followed by its contribution to the MSG
(14.0%), the SSG (5.8%), the RGG (8.27%), the SGG (2.37%) and the
MGG (2.98%) (see Fig. 4). For example, the pillar industry of Dax-
inganling is primary industry, accounting for 48.7% of total GDP in
2015, followed by service industry (41.8%) and secondary industry
(9.5%) [77]. However, primary industry contributed a negligible
amount of CO2 emissions (see Fig. 2 (C)) because the farming, forestry,
animal husbandry, fishery and water conservancy sectors consume a
small amount of fossil fuels. Therefore, the RSG had the lowest amount
of CO2 emissions among the six groups. However, the RSG experienced
a slight increase in CO2 emissions after 2013 (see Fig. 2(C)). The in-
creasing trend of carbon emissions after 2013 mainly resulted from the
prosperous tertiary industry and energy production sectors. Specifi-
cally, the amount of CO2 emissions produced by the energy production
sectors and service industry increased by 124.79% and 17.28% during
2013–2015, respectively (see Fig. 2(C)).

In terms of carbon intensity, the RSG saw an increasing trend in
recent years, rising from 1.72 metric tons/(104 RMB) in 2013 to 1.81
metric tons/(104 RMB) in 2015. The primary reason for the increase
was that the slower growth of GDP (see Fig. 4(C)) occurred with the
significant rise of CO2 emissions after 2013 (see Fig. 2(C)). The in-
creasing carbon intensity indicates that the RSG has deviated from low-
carbon economy development. It is noteworthy that the RSG suffered
from the earliest and most severe workforce loss compared with the
other shrinking groups (see Fig. 4). Specifically, the primary, secondary
and tertiary industries began to decline after 2005, 2007 and 2012 and
lost 15.55%, 30.22% and 8.94% of the workforce, respectively (see
Fig. 4(C)). For example, population in Daxinganling dropped by around
19.7% during 2005–2018, and the decreasing employees in primary
industry was mainly attributed to the ban on deforestation for com-
mercial purposes announced by the central government [78,79].

The severe labour outflow indicates a loss of skilled workers who
could have promoted innovation and developed high value-added and
low-carbon industries. To make things worse, energy consumption de-
rived from coal witnessed an increase after 2009, rising from 71.44% in
2009 to 79.64% in 2015, and thus the RSG remained the highest among
six groups for this metric after 2013 (see Fig. 3). This energy structure
change indicated the failure to adjust the energy types from coal to
clean energy.

The RSG is experiencing the most worrisome situation in terms of
carbon mitigation. A high level of coal share in the energy mix, a re-
markable outflow of intellectual assets and increasing carbon intensity
make it more difficult to curb the increase in CO2 emissions. More ac-
tions should be taken to promote industrial transformation and up-
grading, retain the workforce, optimize the energy structure, and fur-
ther reverse the worsening situation in the RSG.

4.3. Slightly and moderately growing groups (SGG and MGG)

The SGG and MGG had similar CO2 emissions patterns, and we
analyzed them together for better comparison. There was a slower
growth rate in CO2 emissions in the MSG and SSG after 2011 (see
Fig. 2(D; E)). Looking at the information in more detail, secondary in-
dustry was the main contributor to CO2 emissions, especially the energy

Fig. 3. Energy structure of each city group. We merge 17 energy types into
three categories, including coal, oil and natural gas (see Table S2; Fig. S1), and
use the ratio of coal to total energy consumption to measure energy structure.
The results of the six groups are presented at an average instead of a cumulative
level, meaning that we divide the results of each group by the number of cities
in that group.
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production and heavy manufacturing sectors (see Fig. 2(D; E)). In the
SGG, the energy production sectors contributed the most to CO2 emis-
sions at 59.43% in 2015, followed by the heavy manufacturing sectors
(20.83%), service sectors (11.81%) and household sectors (3.10%) (see
Fig. 2(D)). In comparison, the proportion of CO2 derived from the heavy
manufacturing sectors was the largest for the MSG, at 47.29% in 2015,
followed by the energy production sectors, service sectors and light
manufacturing sectors, which represented emissions proportions of
40.13%, 4.48%, and 3.47%, respectively (see Fig. 2(E)). In terms of
carbon intensity, the SGG and MGG saw a steady decrease from 2.93
metric tons/(104RMB) and 2.92 metric tons/(104RMB) in 2003 to 1.49
metric tons/(104RMB) and 1.84 metric tons/(104RMB) in 2015, re-
spectively (see Fig. 2 (D; E)). For energy structure, the share of energy
consumption derived from coal in the SGG decreased from 48.33% in
2003 to 45.41% in 2015, which was the lowest among the six groups
(see Fig. 3). It is noteworthy that the SSG was the only group that had a
higher proportion of oil (47.62%) than of coal (45.41%) in total energy
consumption in 2015 (see Fig. 3; Fig. S1), meaning that it had the best
energy structure. Take Shanghai, a megacity in China, for example, the

oil share in energy mix is the largest, accounting for 65.64% in 2015,
followed by gas (19.28%) and coal (15.08%). For the MGG, the pro-
portion of coal consumption declined from 61.69% in 2003 to 56.48%
in 2015 (see Fig. 3). These results indicate that both the SGG and the
MGG experienced energy structure optimization from 2003 to 2015.

With regard to industry structure, the SGG and MGG experienced a
dramatic rise in value added in secondary industry of 278.22% and
256.24% from 2003 to 2015, respectively (see Fig. 4(D; E)). Meanwhile,
value added in the service industry of the SGG and MGG increased by
289.96% and 338.63% over the period shown, respectively (see
Fig. 4(D; E)). The service industry has been the main source of eco-
nomic growth for these two groups, taking up 47.98% and 43.74% of
total value added in 2015, respectively (see Fig. 4(D; E)). For example,
the GDP shares of secondary and service industries in Shanghai shifted
from 50.1%, 48.4% in 2003 to 31.8% and 67.8% in 2015, respectively
[80], suggesting a transition from an energy-intensive economy to a
service-based economy. For the employment structure, SSG and MSG
saw a remarkable decrease in terms of the number of employees from
primary industry, which dropped by 46.80% in SGG and 38.02% in

Fig. 4. Employment and industry structure of each city group. The employment structure (right) and industry structure (left) of each group are presented by using
employees and value added of primary, secondary and tertiary industries. It should be noted that the coordinate axes of the rapidly shrinking group (C) are smaller
than those of other groups for clear demonstration. The results of the six groups are presented at an average instead of a cumulative level, meaning that we divide the
results of each group by the number of cities in that group.
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MGG over the 13-year period (see Fig. 4(D; E)). However, a significant
increasing trend can be found in terms of workers in the secondary and
service industries over the same period.

From the analysis above, it is clear that the SGG and MGG were
capable of mitigating CO2 emissions after 2011 while improving their
economy. Several trends can account for this phenomenon. First, the
departure of employees in the primary industry consistently accom-
panies the significant increase in employees in the secondary or service
industries. These results indicated a positive employment and industry
structure change in the shift towards high value-added sectors in
growing groups. Second, carbon intensity decreased continuously,
meaning that GDP grew faster than emissions and that these two groups
moved towards low-carbon economies. Lastly, the SGG and MGG ex-
perienced a decreasing trend in terms of coal share in the energy mix. It
is universally known that coal is a high-emission energy type compared
with crude oil and natural gas because coal produces more CO2 emis-
sions when generating the same amount of heat [71]. In addition, the
SGG was the optimal type among the six groups because it had de-
creasing CO2 emissions, the lowest carbon intensity and optimal energy
structure. Additionally, its CO2 emissions experienced a decline of
1.47% annually, while the growth rate in economy still soared (increase
by 7.27% annually).

4.4. Rapidly growing group (RGG)

Among the six groups, the clearest differences were observed in the
CO2 emissions trend in the RGG over time (see Fig. 2). We can divide
the study period into three distinct periods for the RGG, namely,
2003–2009, 2009–2013 and 2013–2015. Before the 2008 financial
crisis, the RGG observed a rapid growth trend in terms of CO2 emis-
sions, with an AAGR of 1.10% from 2003 to 2009 (see Fig. 2(F)).
However, the AAGR of CO2 emissions from 2009 to 2013 increased to
1.20% (see Fig. 2(F)), mainly because of the prosperous of secondary
industry. Therefore, secondary industry inevitably produced a large
amount of CO2 emissions, especially in Xuzhou, an old industry base in
Jiangsu Province. The GDP growth rate of Xuzhou was 13.2% in 2012,
ranking first in Jiangsu Province, and secondary industry even saw a
rapid increase in value added of 14.5% [81]. After 2013, the growth
rate of carbon emissions slowed from 2013 to 2015 in the RGG, drop-
ping to 1.01% (see Fig. 2(F)). For carbon intensity, there was a de-
clining trend from 2003 to 2009, then the figure increased to 4.78
metric tons/(104RMB) in 2012 and finally decreased to 3.99 metric
tons/(104RMB) in 2015 (see Fig. 2(F)). Interestingly, the RGG, which
relied heavily on coal, also witnessed a continuous and significant de-
creasing trend in terms of the share of coal, from 90.98% in 2003 to
83.26% in 2015 (see Fig. 3). With regard to industry structure, there
was a dramatic increase in terms of value added in primary, secondary
and tertiary industries in the RGG over the period from 2003 to 2015, as
they rose by 76.67%, 430.03% and 388.57%, respectively (see
Fig. 4(F)). In terms of employment structure, the rise for the RGG was
particularly noticeable between 2003 and 2015, during which time the
number of employees in secondary industry increased by 141.67% and
the figure for the service industry increased by 89.48%, while the figure
for primary industry dropped 34.12% (see Fig. 4(F)).

Compared with the other two growing groups, the RGG experienced
the most remarkable employment and industry structure transforma-
tion, especially for secondary industry (see Fig. 4). This change could be
responsible for the rapid rise in CO2 emissions from 2009 to 2013.
However, after 2013, similar to the other growing groups, industrial
transformation and upgrading, workforce aggregation, decreasing
carbon intensity and energy structure optimization help to curb the
increase in CO2 emissions.

5. Conclusion

To help policy-makers to implement CO2 emissions policies

according to varied city types and promote sustainable development,
this study analyzes long-term CO2 emission patterns under the frame-
work of shrinking and growing cities, and discusses the reasons driving
the patterns. As the representatives of shrinking and growing cities, 55
cities from Northeast China and the Yangtze River Delta are selected as
case cities. These cities are then categorized into six groups: three
groups of shrinking cities and three groups of growing cities. Emission
patterns in terms of energy, employment and industry structures are
discussed by group. The empirical results are as follows.

First, for the slightly and moderately shrinking cities, CO2 emission
mitigation was a positive sign but occurred with the decline of eco-
nomic activities in secondary industry, especially for resource-based or
heavy manufacturing cities, such as Daqing and Anshan in Northeast
China. The negative impact exerted by the 2008 financial crisis on the
vulnerable and unbalanced industry structure of these cities forced
them to address excess production capacity of secondary industry and
adjust industry structure. However, the industry adjustment was slug-
gish and new economic growth points have not been fostered.
Therefore, a substantial number of employees of secondary industry lost
jobs and left their home region for better employment and living con-
ditions elsewhere. When economic activities of secondary industry
slowed down, it may result in the decrease in CO2 emissions. For ex-
ample, Daqing Oilfield Limited Company in Daqing, which has the
largest oilfield in China, has been under pressure to transform and
upgrade to better manage the resource exhaustion problem [60] and
resource-related activities declined.

Second, CO2 emissions in the rapidly shrinking group were the
lowest among the six groups. It can be interpreted that primary industry
in these cities contributed a lot to the economy, accounting for around
22.0% of GDP in 2015, while it contributed a negligible amount of CO2

emissions. However, the rapidly shrinking group experienced a con-
tinuous increase in CO2 emissions resulting from the industry trans-
formation towards secondary and service industries.

Third, the slightly and moderately growing city types were capable
of mitigating CO2 emissions while maintaining rapid economic growth.
The decrease in emissions was driven by a combination of industry
structure adjustment, workforce aggregation, decreasing carbon in-
tensity and energy structure optimization. The slightly growing group
performed the best among the six groups because of its decreasing CO2

emissions, lowest carbon intensity and optimal energy structure. For
the slightly growing group, CO2 emissions experienced a decline of
1.47% annually, while the economy still soared (increase by 7.27%
annually). Take Shanghai, a slightly growing city, for example, oil re-
presented the largest share (65.64%) in energy mix in 2015. Its GDP
shares of secondary and service industries suggest a transition from an
energy-intensive economy to a service-based economy and a large
number of workers flood into Shanghai.

Last, CO2 emissions of the rapidly growing group presented a rapid
growth during 2010–2013, while the growth rate slowed down sig-
nificantly after 2013. Such rapid growth can be attributed to the fact
that this group experienced the most remarkable employment and in-
dustry structures transformation, especially for secondary industry.
After 2013, similar to the other growing groups, industrial transfor-
mation and upgrading, workforce aggregation, decreasing carbon in-
tensity and energy structure optimization help to curb the increase in
CO2 emissions.

Further progress in reducing carbon emissions effectively should
depend on policies that differentiate according to city type. Some
suggestions for policy-makers are as follows. First, if CO2 emissions fall
primarily as a result of the shrinkage of economic activity in secondary
industry, as occurred in the USA during the global financial crisis, re-
newed economic growth could reverse the decrease [82,83]. Policy-
makers should be alert to the possibility that such carbon mitigation
would not continue if secondary industry redevelops. The primary
mission of these shrinking cities is to mitigate CO2 emissions under the
premise of keeping the economy healthy and growing. Escaping from
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an institutional lock-in and path-dependence towards economic success
based on heavy industries is a crucial step [84]. Moreover, urban re-
scaling would be an important issue to mitigate further shrinkage and
promote sustainability.

Second, existing improvements through energy structure optimiza-
tion and structural adjustment in these shrinking cities were far from
sufficient and saw sluggish implementation. Optimizing energy mix and
boosting recycling and renewable energies should be highlighted.
Industry structure adjustment towards high value-added and low-
emissions industries should be integrated in curbing emissions.

Last, to mitigate further shrinkage and curb the negative effects of
human capital flight, governments should implement some population
policies to tackle the new challenge. Some effective schemes should be
carried out to retain skilled workers and to help employees with en-
hanced knowledge and skills to return to their hometown.

This study has some limitations. First, this paper only considers
population as the variable to measure shrinking and growing cities. In
future work, we will take into account multiple dimensions to measure
city shrinkage, such as economic depression, employee outflow, and
social problems. Second, some cities’ CO2 emission inventories, espe-
cially in those in Northeast China in individual years or cities, are
missing due to a lack of energy consumption data, which leads to un-
certainties in the results. Further research will be focused on data in-
vestigation to improve the data quality.
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