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As urbanization accelerates, decoupling urban development from environmental
consumption, particularly carbon emissions, is crucial for sustainable growth and
achieving carbon neutrality goals. This study introduces urban expansion intensity
as a new perspective to analyze the decoupling between urban expansion and
carbon emissions. Based on the Urban Expansion Disparity Index, 297 Chinese
cities are classified. The Tapio model is used to examine the spatiotemporal
variations in decoupling from 2007 to 2022, while the LMDI model identifies key
factors influencing regional carbon emissions. Findings reveal: (1) a polarized
decoupling pattern, dominated by weak and strong negative decoupling; (2) a
strong link between urban expansion types and decoupling modes, with fast-
expanding cities exhibiting weak/strong decoupling and growth linkage, while
slow-expanding or shrinking cities show expansion-negative and strong negative
decoupling; (3) expansion and affluence effects drive emissions, while
technology mitigates them, with significant regional differences. This study
provides theoretical insights into urban expansion and carbon decoupling
dynamics, informing region-specific policy interventions.
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1 Introduction

Global warming has emerged as a critical environmental challenge, profoundly
impacting human production and daily life worldwide. As the primary driver of climate
change, carbon emissions have become a central focus in addressing the complex and
evolving issues associated with global warming. Reducing carbon emissions is essential for
achieving sustainable development at the regional level (Ballantyne et al., 2016). Cities,
being the primary hubs of human social activities, are also the main sources of carbon
emissions, stemming from industrial activities, energy consumption (Zhao et al., 2025), and
residential usage (Fawzy et al., 2020). Research indicates that urban carbon emissions
account for more than 85% of China’s total emissions (Han et al., 2018), with key sectors
such as industry and transportation being the predominant sources of energy use and
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carbon output in urban areas (Ma et al., 2017). Moreover, the
accelerating process of urbanization has led to changes in land
use patterns (Wu et al., 2011), energy demand (Dong et al., 2020),
industrial structure, and the mobility of population and technology,
making urban carbon reduction increasingly complex. As a result,
an increasing number of scholars have focused their research on the
nonlinear relationship between urbanization and carbon emissions
(Xu et al., 2018), as well as the impact of urbanization on carbon
emission performance (Liu et al., 2018). Undoubtedly, promoting
low-carbon development in cities has become a pressing and critical
challenge that must be urgently addressed.

The concept of decoupling in environmental studies refers to the
weakening or separation of the relationship between economic
development, resource consumption, and environmental
pressures (Chen et al., 2018). It is typically categorized into two
types: resource decoupling, which focuses on reducing the link
between economic growth and resource/energy use, and impact
decoupling, which aims to mitigate the connection between
economic development and environmental degradation
(Wiedenhofer et al., 2020). Decoupling indicators, which enable
the dynamic assessment and quantification of the relationship
between economic activities and environmental impacts, have
been widely applied in studies exploring the evolving interaction
between environmental change and economic development in
recent years (Ward et al., 2016; Jiang et al., 2022). In particular,
as carbon reduction has become an urgent global climate challenge,
decoupling models have been increasingly used to examine the
relationship between economic growth and carbon emissions (Li
et al., 2022), gradually evolving into a key theoretical framework for
promoting green and low-carbon development.

Research on decoupling primarily focuses on several key areas.
In terms of methodology, commonly used approaches include: the
OECD model, proposed by the Organisation for Economic Co-
operation and Development, which compares the growth rates of
environmental pressure and economic development; the Tapio
decoupling model, which offers a more detailed characterization
of the interactions between economic growth and environmental
impacts (Wu et al., 2018b; Wu et al., 2024); and integrated methods
that combine decoupling analysis with decomposition techniques,
such as the Logarithmic Mean Divisia Index (LMDI), to explore the
underlying drivers of decoupling (Li et al., 2019). At the research
scale, studies on decoupling have primarily focused on the national
and provincial levels. At the national level, research has become
increasingly comprehensive, including panel studies covering
multiple countries (Shuai et al., 2019), comparative analyses of
decoupling performance among countries within the same
organization (such as the OECD) (Magazzino et al., 2023),
comparisons between developed and developing countries
regarding the decoupling of economic growth and carbon
emissions (Wu et al., 2018), as well as case studies on typical
countries such as the United States and China (Wang and Wang,
2019). At the provincial level, existing studies similarly encompass
panel analyses across 30 provinces (Cohen et al., 2019), as well as
investigations into the relationship between differentiated economic
development and resource–environment dynamics in specific
regions, such as the Yangtze River Economic Belt and the
Central China Urban Agglomeration (Luo et al., 2021; Yuan
et al., 2023). Case studies focusing on individual provinces, such

as Jiangsu and Guangdong (Xu et al., 2021; Wang et al., 2017), have
also been increasing, contributing to the development of a more
comprehensive research framework. In terms of research content,
current studies primarily focus on two areas: the decoupling between
economic development and carbon emissions across different
sectors, and the key factors influencing decoupling. For the
former, research has increasingly concentrated on energy-
intensive industries such as metal products, non-metallic
manufacturing, construction, manufacturing, and transportation
(Lin and Teng, 2022; Wang and Feng, 2019; Wu et al., 2018a;
Ren andHu, 2012; Li et al., 2023). For the latter, existing studies have
demonstrated that both macro- and micro-level factors—including
energy structure, industrial structure, technological progress,
urbanization rate, and household income levels—play significant
roles in shaping the decoupling process (Zhao et al., 2022; Hao
et al., 2022).

However, we also identify certain limitations in existing studies
on the decoupling of economic development and carbon emissions.
First, in terms of spatial scale, most research has focused on large-
scale analyses at the national, regional, or provincial levels or on
decoupling studies of individual cities (Zheng et al., 2019; Li et al.,
2019), while multi-city analyses at smaller scales remain insufficient.
However, increasing evidence suggests that cities within the same
province exhibit significant differences in development
characteristics, economic growth responses, policy
implementation, and environmental changes (Chen et al., 2019;
Xie et al., 2025; Feng et al., 2025). These disparities underscore the
necessity of conducting decoupling analyses at the urban scale, as
city-level studies can more accurately capture the diversity of
development trajectories and provide a stronger basis for targeted
policy interventions. Second, regarding the selection of development
indicators, existing decoupling studies predominantly define
economic development in terms of GDP growth. While GDP
serves as a quantitative measure of economic activity, it fails to
directly reflect the associated environmental resource consumption.
Moreover, economic growth is subject to an “optimal scale,”
implying that GDP alone cannot comprehensively capture the
societal and environmental implications of decoupling, whether
positive or negative (Herman, 2014; Vadén et al., 2020). To
better elucidate the relationship between economic development
and carbon emissions decoupling, researchers have increasingly
incorporated additional variables, such as human wellbeing, into
their analyses (Kallis et al., 2018). Thus, it is evident that beyond
conventional indicators, incorporating additional economic
development indicators closely linked to both the economy and
the environment is crucial for accurately capturing the real societal
and ecological impacts of decoupling. To address these gaps, this
study takes cities as the fundamental research unit and employs
urban construction land expansion intensity as a key variable to
examine its decoupling relationship with carbon emissions. Urban
construction land, defined as land within urban areas designated to
meet the economic, social, and daily needs of residents, encompasses
residential, industrial, commercial, public service facilities,
transportation, municipal infrastructure, and green spaces (Lai
et al., 2020). As a critical resource for urban development, the
expansion of urban construction land significantly drives
economic growth (Xie et al., 2018), making it a key explicit
indicator of urbanization. However, it also represents a scarce
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resource and a substantial “carbon source” (Peng et al., 2022). On
one hand, changes in urban land expansion and utilization patterns
directly influence carbon emissions (Sun et al., 2022); on the other
hand, human activities on construction land generate indirect
carbon emissions (Anser, 2019). From this analysis, it is evident
that the expansion of urban construction land and sustainable
development presents a paradoxical relationship. Achieving
effective decoupling between urban expansion and carbon
emissions is essential for reconciling carbon reduction goals with
the pursuit of high-quality urban development. This underscores the
need for innovative approaches to urban planning and resource
management that balance growth with environmental sustainability.

Against the backdrop of accelerating urban expansion in
China, the contradiction between rising carbon emissions and
national emission reduction targets has created a “dual pressure,”
posing significant challenges for urban carbon control (Wang et
al., 2024b). To address the research gap in decoupling studies
from the perspective of “expansion intensity–carbon emissions”
at the city level and to enrich the theoretical framework of low-
carbon urban development, this study selects 297 cities in China
as the sample area and classifies them based on their urban
expansion speed using the Urban Expansion Disparity Index.
Departing from conventional approaches, the study innovatively
replaces the traditional GDP indicator, commonly employed in
decoupling research, with the urban land expansion intensity
indicator. By applying the Tapio decoupling model, the study
investigates the spatiotemporal dynamics of the decoupling
relationship between urban expansion intensity and carbon
emissions across different city types from 2007 to 2022.
Furthermore, an LMDI (Logarithmic Mean Divisia Index)
model is developed to analyze the influence of urban
construction land expansion, affluence, and technological
effects on carbon emissions in various city types. This
approach aims to identify key leverage points for
implementing effective carbon reduction strategies, providing
a nuanced understanding of the interplay between urban growth
and environmental sustainability.

2 Materials and methods

2.1 Urban expansion indicator construction

Urban expansion typically refers to the outward growth and
development of cities, most visibly manifested by the increase in the
area of urban built-up land (Zhang and Han, 2024). To facilitate a
more detailed analysis of the temporal patterns and spatial
disparities in urban expansion, this study employs two key
indicators: urban expansion intensity and the urban disparity
change index. The specific formulas for these indicators are
as follows.

2.1.1 Urban expansion intensity
Urban expansion intensity (UI) refers to the rate of increase in

urban built-up land area over a specific period. It is commonly used
to compare the expansion levels of different cities or the same city
across different periods (Yang et al., 2023). In this study, it is defined

as the ratio of the average annual growth in urban built-up land area
to the initial land area, as shown in Equations 1:

UI � Areat2 − Areat1

Areat1 × ΔT
× 100% (1)

In the equation, UI represents the urban expansion intensity across
different cities, reflecting the level of urban built-up land expansion
during the urbanization process. Area refers to the urban built-up land
area during the given period, t1 and t2 represent different years, with the
years 2007, 2010, 2013, 2016, 2019, and 2022 being considered in this
study. T denotes the time gap between the panel years.

2.1.2 Urban expansion disparity index
The Urban Expansion Disparity Index (UEDI) is defined as the ratio

between the urban expansion rate of a specific sample area and the overall
urban expansion rate of the study region. This index quantitatively
characterizes the spatial heterogeneity in urban expansion intensity
among different cities during the same temporal period. The
mathematical formulation of UEDI is expressed in Equations 2:

UEDI � Areat2i − Areat1i( ) × Areat1

Areat2 − Areat1( ) × Areat1i
(2)

According to relevant literature (Liu et al., 2016), urban expansion
levels can be classified into six categories: High-speed expansion (HE),
Rapid expansion (RE),Moderate expansion (ME), Slow expansion (SE),
Ultra-slow expansion (USE), andNegative expansion (NE). The specific
classification criteria are provided in Table 1.

2.2 Decoupling analysis method

Decoupling refers to the process of reducing or eliminating the link
between economic growth and resource consumption or environmental
degradation. In other words, it signifies a situation where economic
growth is no longer constrained by environmental and resource
limitations, making decoupling a key indicator for assessing
sustainable development. This concept is widely employed in studies
examining the relationship between economic benefits and
environmental costs (Xin et al., 2021). Common methods for
decoupling analysis include the OECD approach and the Tapio
decoupling model. Among these, the Tapio model offers an
advantage by capturing the dynamic characteristics of variable
changes, rather than providing mere static descriptions. Moreover, it
is particularly effective in capturing complex nonlinear relationships,

TABLE 1 Classification of urban expansion types.

Type UEDI

High-speed Expansion UEDI ≥ 2

Rapid Expansion 1.2 ≤ UEDI ≤ 2

Moderate Expansion 0.8 ≤ UEDI ≤ 1.2

Slow Expansion 0.4 ≤ UEDI ≤ 0.8

Ultra-slow Expansion 0 ≤ UEDI ≤ 0.4

Negative Expansion UEDI ≤ 0
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making it applicable in a broader range of scenarios (Hou et al., 2023).
Given that urban construction land serves as an intuitive reflection of
functional area changes—such as residential, industrial, and
commercial zones, which are primary sites of economic activity and
carbon emissions—this study substitutes the conventional economic
change indicator in the Tapio model with urban expansion intensity.
This approach aims to explore the decoupling relationship between
urban expansion intensity and carbon emissions. The formula is as
follows in Equations 3 (Tapio, 2005):

DI � CEt − CEt−1( )/CEt−1
Areat − Areat−1( )/Areat−1 �

EΔt

UIΔt
(3)

Here, DI represents the decoupling index, with specific
classifications shown in Table 2. EΔt denotes the rate of change
in emissions over the study interval (measured every 3 years), UIΔt
while represents the rate of change in urban construction land
intensity during the same interval.

2.3 LMDI decomposition analysis

The Kaya identity is a structural decomposition framework for
analyzing changes in carbon emissions, derived from the IPAT
model (Wang et al., 2005). Building on this analysis, this study uses
the Kaya identity to decompose the factors influencing carbon
emissions into scale effect (P), affluence effect (A), and
technology effect (T). The specific decomposition formula is as
follows in Equations 4:

CE � Area ×
GDP
Area

×
CE
GDP

� P × A × T (4)

Here, A represents the secondary industry GDP generated per unit
of urban construction land, reflecting the economic efficiency of urban
expansion. The secondary industry GDP is selected to represent
economic development because, compared to total GDP, it has a
stronger and more representative correlation with urban land
expansion and carbon emissions. T denotes the carbon emissions
per unit of GDP, indicating the technological effect of carbon
reduction across different cities. The LMDI additive decomposition
is a method based on logarithmic mean weights, used to disaggregate
total changes into the additive contributions of multiple driving factors
(Xin et al., 2023). Building on the Kaya identity, it further refines the

scale effect, affluence effect, and technology effect to quantify their
specific contributions to changes in carbon emissions. The detailed
formula is as follows in Equations 5:

ΔCEΔt � CEt − CE0 � ΔCEt
P + ΔCEt

A + ΔCEt
T

ΔCEt
P � ∑ θ ln

Pt

P0

ΔCEt
A � ∑ θ ln

At

A0

ΔCEt
T � ∑ θ ln

Tt

T0

θ � CEt − CE0

ln CEt − ln CE0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

Here, θ represents the logarithmic mean weight, and 0-t denotes
the time interval.

2.4 Data resources

The data utilized in this study can be categorized into two
primary types. The first type comprises city-level carbon emission
data, sourced from the Emissions Database for Global Atmospheric
Research (EDGAR v8.0) (Crippa et al., 2023). The second type
includes data on urban built-up areas and industrial GDP, obtained
from various statistical resources, including the China Statistical
Yearbook, China City Statistical Yearbook, and China Urban
Construction Statistical Yearbook. Based on data availability and
completeness, a total of 297 cities were selected for the analysis. The
study focuses on the years 2007, 2010, 2013, 2016, 2019, and 2022 to
investigate the decoupling relationship between urban expansion
and carbon emissions. Missing data points were addressed using
interpolation methods to ensure the robustness of the dataset.

3 Results

3.1 Urban expansion and carbon
emission changes

Table 3 and Figure 1 illustrate the changes in urban expansion
intensity and the distribution of expansion disparity indices

TABLE 2 Decoupling diversion.

Status Carbon emission Land expansion Tapio value

Decoupling Declining Decoupling <0 <0 DI > 1.2

Strong Decoupling <0 >0 DI < 0

Weak Decoupling >0 >0 0<DI < 0.8

Linkage Growth Linkage >0 >0 0.8<DI < 1.2

Declining Linkage <0 <0 0.8<DI < 1.2

Negative Decoupling Expanding Negative Decoupling >0 >0 DI > 1.2

Strong Negative Decoupling >0 <0 DI < 0

Weak Negative Decoupling <0 <0 0<DI < 0.8
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among the sample cities over the study period. Overall, urban
land use in China has continuously expanded, though at a
relatively low intensity, predominantly within the range of
0–5. Over time, urban expansion intensity has shown a steady
decline. For example, cities with an intensity range of
20–30 decreased from 10 during 2007–2010 to just two during
2019–2022. Notably, the number of cities with an expansion
intensity below five has increased since 2013, a trend that can be
attributed to policies promoting efficient and intensive land use,
ecological civilization initiatives, and the implementation of
ecological redlines (Nuissl and Siedentop, 2021; Yang and Xie,
2021). Concurrently, there has been a rise in the number of cities
experiencing negative expansion. From the perspective of
expansion disparity indices, urban expansion has exhibited an
overall increasing trend, accompanied by growing polarization.
High-speed expansion and slow or negative expansion have
emerged as the dominant patterns. During 2019–2022, the

number of cities with high-speed expansion reached 98,
accounting for 33.0% of all expansion types. In contrast, the
number of cities with ultra-low-speed or declining expansion
ranged between 50 and 60. This polarization is likely the result of
the uneven pace of urban development during periods of rapid
urbanization and industrialization. While some cities have faced
constraints due to policies or resource limitations, others have
experienced significantly higher expansion intensity than most
regions. Spatially, areas of high-speed urban expansion have
gradually shifted from central regions to southeastern coastal
areas, while low-speed expansion zones are predominantly
located in northeastern regions. This spatial pattern is
consistent with China’s development strategies and the current
state of economic and urbanization progress.

Figure 2 illustrates the changes in carbon emissions across cities
over the study period. From a temporal perspective, between
2007 and 2013, carbon emissions in most cities exhibited a rapid

TABLE 3 The number of cities corresponding to changes in urban expansion intensity during the study period.

Period ≤0 0-5 5-10 10-20 20-30 30-40 40-50 ≥50

2007-2010 18 136 62 56 10 5 2 8

2010-2013 40 142 59 45 5 3 1 0

2013-2016 35 141 60 41 10 3 1 3

2016-2019 36 172 51 27 7 1 0 2

2019-2022 53 179 39 18 2 3 2 1

FIGURE 1
Urban expansion types, 2007–2022.
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growth trend, with increases ranging from 10 to 25 t. During the
2013–2016 period, carbon emissions decreased in the majority of
cities, with a year-on-year reduction of approximately 0–5 t. From
2016 to 2022, carbon emissions rebounded, although the increase
was modest, with a growth range of 0–5 t. Spatially, inland and
northeastern regions experienced relatively higher carbon emission
increases, with growth concentrated in resource-intensive or
industrial cities such as Huanggang, Xianning, and Yanan.
Furthermore, this analysis reveals a general trend: the pattern of
changes in urban expansion intensity closely mirrors the trends in
carbon emission fluctuations across cities.

3.2 Urban expansion and decoupling of
carbon emissions

3.2.1 Types of urban decoupling
Figure 3 illustrates the distribution of decoupling types among

the sample cities during the study period. In summary, weak
decoupling (WD), strong negative decoupling (SND), and
expanding negative decoupling are the most prevalent decoupling
relationships between urban expansion and carbon emissions in
China. Over the study period, the number of cities exhibiting WD
remained around 100, while those with SND fluctuated around 74.
Strong decoupling (SD) and growth linkage (GL) were also relatively
common decoupling types, with the number of cities categorized
under SD peaking at 149 during the 2013–2016 period but
remaining below 50 in other years. The number of cities with
SND remained relatively stable, hovering around 40 throughout
the study. On the other hand, declining decoupling (DD), declining
linkage (DL), and weak negative decoupling (WND) were less
frequent, with some years showing no cities in these categories.
Overall, the structure of decoupling types in Chinese cities has
remained relatively stable over the past 15 years, though a clear
polarization is evident. On one hand, while urban expansion
intensity and carbon emissions continue to rise, most regions are
gradually reducing the negative by-products of carbon emissions,
with initial successes in low-carbon urban development. On the
other hand, a significant number of cities still face rising carbon
emissions, despite a decrease in urban construction land, which
highlights persistent issues related to inefficient land use and energy-
intensive industrial structures.

Figure 4 illustrates the spatial distribution of the decoupling
dynamics between urban expansion intensity and carbon emissions.
It is evident that cities characterized by expanding negative

FIGURE 2
Carbon emission distribution, 2007–2022.

FIGURE 3
Decoupling changes of China’s cities, 2007–2022.
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decoupling (END) and strong negative decoupling (SND) are
primarily concentrated in the northeastern region and certain
economically fast-growing cities in central China. In contrast,
weak decoupling (WD) and strong decoupling (SD) cities are
predominantly located in the southeastern coastal areas, with this
spatial pattern becoming increasingly pronounced over time.
Overall, the spatial distribution of decoupling characteristics is
closely related to factors such as the level of economic
development, industrial structure, and technological progress.
Different urban development patterns lead to varying intensities
and functional demands for construction land, resulting in distinct
decoupling states. Generally, regions with advanced economies,
significant industrial upgrading, and strong innovation
capabilities exhibit better decoupling performance. In contrast,
areas with a single economic structure, reliance on high-carbon
industries, and a lack of green technology adoption tend to
experience weaker decoupling. Moreover, policy orientation also
plays a crucial role in the decoupling between construction land use
and carbon emissions. For instance, early policies like the Western
Development Strategy and the Northeast Industrial Revitalization
Plan increased construction land use intensity and carbon
emissions. On the other hand, the implementation of the “Zero-
Waste City” policy has promoted resource-efficient development
(Qian et al., 2025), accelerated the green transition of enterprises and
localities, and directly reduced urban carbon emissions.

At the city level, specific patterns further emerge, SND cities are
concentrated in areas where traditional industries dominate and
economic transformation is still in its early stages. Examples include
Taiyuan and Jincheng in Shanxi, and Daqing and Jiamusi in
Heilongjiang. Despite the slowdown in urban expansion due to
factors such as land use policies, fiscal constraints, or population loss
(Huo and Huang, 2023), these cities’ economic structures remain

heavily dependent on high-carbon industries, such as coal and steel.
The persistence of inefficient energy systems and outdated industrial
practices places these cities in the SND stage. On the other hand,
END cities are typically found in rapidly developing regions, such as
Shenzhen and Chongqing.While urbanization continues to generate
high demand for construction land, these cities, despite
implementing some low-carbon policies and efforts to transition
toward service-oriented and high-tech industries, still heavily rely on
manufacturing and construction sectors. As a result, the growth rate
of carbon emissions exceeds that of urban expansion, with limited
benefits from energy structure optimization. In contrast, WD and
SD cities are predominantly concentrated in Beijing and the Yangtze
River Delta region, including cities like Shanghai, Suzhou, and
Hangzhou. In these areas, heavy industries have been optimized
or relocated to surrounding regions, while the development of
e-commerce, internet-based technologies, and other high-tech
service industries has matured (Wang et al., 2022). The
application of low-carbon technologies further supports this
transition, resulting in slower urban expansion and a clear
decoupling from the negative impacts of carbon emissions.

3.2.2 Decoupling analysis by urban expansion types
Figure 5 illustrates the decoupling status of carbon emissions

across different urban expansion types, revealing a significant
correspondence between the two, with only minor changes over
time. Overall, cities with rapid expansion predominantly exhibit
weak decoupling (WD) and growth linkage (GL), where the growth
rate of carbon emissions is either comparable to or slightly lower
than the rate of urban expansion. Over time, these cities tend to
transition toward strong decoupling (SD), an increasingly desirable
state. In contrast, cities with slower or stagnant expansion mainly
experience expanding negative decoupling (END), characterized by

FIGURE 4
Spatial distribution of decoupling types of China’s cities, 2007–2022.
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a highly unbalanced development pattern where carbon emissions
rise significantly faster than urban land expansion. Examining the
cities corresponding to these expansion types, it becomes evident
that the rate of urban land expansion reflects, to some extent, the
vitality of urban development, particularly in terms of industrial and
economic growth. Cities with faster expansion generally exhibit
greater economic diversification, continuous industrial upgrading,
and improved energy efficiency, facilitating a transition from high-
carbon, resource-intensive growth to a more low-carbon and
efficient development model. Consequently, land-use efficiency
and environmental benefits steadily improve. Conversely, cities
with slower expansion—or even contraction—often face
geographical constraints, resource limitations, or funding
shortages that hinder their development. These cities tend to
have a single economic structure and remain heavily reliant on
traditional high-carbon industries, lacking new growth drivers. As a
result, urban land use remains inefficient, and progress toward green
development is significantly lagging.

A detailed analysis of specific cities reveals: WD cities are
predominantly located in moderately developed cities in central
and southern China, including Zhengzhou, Chengdu, Wuxi, and
Ningbo. Despite their strong demand for construction land, these
cities have increasingly adopted efficient and intensive land-use
practices, transitioned to cleaner energy sources, and shifted their
industrial structures toward low-carbon sectors, such as services.
Taking Chengdu as an example, the city experienced rapid urban
expansion from 2007 to 2022, with construction land increasing by
34.31 square kilometers. However, carbon emission growth

gradually slowed, rising by 3.14 tCO2 from 2007 to 2010 but
only by 1.45 tCO2 between 2019 and 2022. Notably, from
2013 to 2019, carbon emissions even showed a negative growth
trend. This deceleration is closely linked to the upgrading of
Chengdu’s automotive and equipment manufacturing industries,
as well as the gradual refinement of green spatial optimization
strategies, such as the “Eastward Expansion, Central
Optimization” initiative. Compared to cities with other expansion
types, these WD cities represent an ideal model of economic and
environmental synergy. However, they still have significant room for
improvement before achieving SD scenarios. For cities with slow or
ultra-slow expansion, expanding negative decoupling (END) is the
dominant decoupling type. These cities, often located in central and
northeastern regions such as Tangshan, Lanzhou, and Jilin, are
typically industrial hubs facing a conflict between high land demand
and resource constraints. The failure of these cities’ industrial
structures to transition to low-carbon models, combined with
persistent energy demand, has resulted in unchecked growth of
carbon emissions, leading to land-use overload (Bao et al., 2022).
Taking Jilin City as an example, from 2007 to 2022, the expansion of
urban construction land was minimal, increasing by only
13.38 square kilometers, with just 1.20 square kilometers added
between 2016 and 2022. However, carbon emissions surged
significantly, rising by 12.60 tCO2. Throughout the study period,
Jilin City’s economic development remained heavily dominated by
industrial sectors. Despite the gradual implementation of farmland
balance and land reclamation policies, the rapid growth of
traditional industries such as chemicals, automotive

FIGURE 5
Sub-expansion type decoupling condition of China’s cities, 2007–2022. (a)High speed expansion. (b) Rapid expansion. (c)Moderate expansion. (d)
Slow expansion. (e) Ultra-slow expansion. (f) Negative expansion.
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TABLE 4 Analysis of effects by decoupling type.

Period Decoupling types Urban expansion effect Affluence effect Technological effect

2007-2010 GL 15.49 30.30 −30.34

WD 120.11 86.21 −172.46

SD 14.36 27.41 −46.25

SND −5.95 34.55 −20.57

END 32.81 148.86 −100.36

DL −0.97 4.05 −4.13

Total 175.85 331.38 −374.11

2010-2013 GL 17.77 37.29 −37.56

WD 71.96 58.67 −103.28

SD 3.62 7.39 −12.23

SND −21.05 70.85 −29.20

END 24.90 112.71 −67.81

Total 97.2 286.91 −250.08

2013-2016 GL 3.25 1.90 −2.00

WD 32.66 −12.90 −11.92

WND −14.83 17.28 −4.04

SD 88.74 −48.91 −73.78

SND −3.72 4.19 3.77

END 6.84 3.23 11.51

DD −0.79 −4.89 2.83

DL −0.78 2.54 −2.52

Total 111.37 −37.56 −76.15

2016-2019 GL 4.01 4.51 −4.52

WD 63.81 −22.43 −25.21

WND −1.33 2.86 −1.61

SD 15.72 7.27 −26.62

SND −20.57 32.93 −2.59

END 12.87 −18.33 43.72

DD −0.01 0.37 −0.39

DL −0.04 0.24 −0.24

Total 74.46 7.42 −17.46

2019-2022 GL 3.25 1.95 −2.12

WD 70.08 −24.37 −28.25

WND −0.72 1.14 −0.56

SD 6.07 6.16 −16.82

SND −27.94 35.22 3.87

END 7.64 9.50 11.60

DD −0.47 0.78 −1.79

Total 57.91 30.38 −34.07
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manufacturing, and metallurgy continued to generate substantial
carbon emissions, resulting in a poor decoupling performance. In
cities exhibiting negative expansion, strong negative decoupling
(SND) emerges as the primary decoupling type. Such cities are
predominantly located in northeastern provinces like Yichun and
Harbin. In these regions, land contraction is accompanied by rising
carbon emissions, driven by inefficient, energy-intensive
development models dominated by heavy industries. This high-
energy, low-efficiency development warrants urgent attention
(Wang et al., 2020; Zeng et al., 2022). Taking Yichun City as an
example, from 2007 to 2022, urban construction land contracted by
13.03 square kilometers. However, carbon emissions continued to
rise, increasing by 26.37 tCO2. This trend is likely driven by the city’s
status as a resource-declining economy, where the forestry and
mining industries—once the backbone of local
development—have steadily declined. As a result, land demand
has decreased, and some industrial areas, due to inefficient
utilization and business closures, have been left idle, prompting
the government to reclaim and repurpose them. It is important to
note that these classifications represent the predominant decoupling
types for each urban expansion category, though exceptions do exist.
For example, cities like Beijing and Shanghai, despite ongoing
industrial transformation and widespread adoption of low-carbon
policies, face challenges such as population influx and saturated land
use. These factors have led to decoupling statuses like END. To
address these challenges, strategies such as enclave development and
cross-regional collaboration policies have gained increasing
prominence and are being actively implemented in recent years.

3.3 Decomposition effect analysis

Based on the LMDI decomposition results, the effects of land
expansion, affluence, and technological progress on changes in
carbon emission intensity are analyzed across different
decoupling and urban land expansion types. Table 4 presents the
specific effects of these three factors on cities with varying
decoupling types. Overall, both the land expansion effect and the
affluence effect contribute positively to carbon emissions, thereby
driving increases in emission levels. However, the influence of these
effects weakens over time. Specifically, the total land expansion effect
decreased from 175.85 in the 2007–2010 period to 57.91 in
2019–2022, while the affluence effect declined from 331.38 to
30.38 over the same period. This trend can be attributed to the
fact that urban land expansion often entails the proliferation of
energy-intensive and high-carbon activities, such as infrastructure
development and industrial transportation, while economic growth
leads to higher income levels and increased consumption, both of
which contribute to greater carbon emissions. However, as industrial
structures evolve and low-carbon awareness increases, the
magnitude of these promoting effects gradually diminishes (Sun
and Huang, 2020; Zhang et al., 2017). In contrast, the technological
effect consistently exerts a negative inhibitory impact on carbon
emissions, contributing to a reduction in emissions throughout the
study period. Technological advancements, particularly those
related to efficiency improvements and the adoption of clean
energy technologies, have proven to be effective mechanisms for
mitigating carbon emissions (Xie et al., 2021).

The effects of the three factors—land expansion, affluence, and
technological progress—differ across specific decoupling types. For
instance, in the 2019–2022 analysis, regions characterized by SD,
WD, and GL decoupling types are typically in a transitional phase,
shifting from traditional low-value-added industries to emerging
high-value-added sectors. This structural transformation is often
accompanied by substantial economic growth, which in turn
diminishes or even reverses the positive impact of the affluence
effect on carbon emissions. Conversely, regions with SND, WND,
and DD decoupling types tend to experience a suppressive effect on
carbon emissions due to urban decline. In these areas, urban land
use is generally contracting, and any expansion typically focuses on
redeveloping existing urban areas, such as creative industry parks,
which are less associated with high-carbon activities. As a result, the
influence of land expansion on carbon emissions is reduced (Liu
et al., 2023). Finally, in regions exhibiting SND and END decoupling
types, technological advancements contribute to increased carbon
emissions. These regions continue to heavily rely on high-carbon
industries for economic growth, and while technological
improvements may enhance the production efficiency of these
industries, they do not substantially alter the underlying energy
structure or industry characteristics. Consequently, the application
of such technologies still results in significant carbon emissions.

4 Discussion

In the context of rapid urbanization, urban expansion stands as
one of the most significant socio-economic phenomena. Urban land
functions as the primary spatial platform for infrastructure,
industries, and human activities. The process of urban expansion
reflects the dynamic interaction between economic development
and resource-environmental factors. Investigating the relationship
between urban expansion and carbon emissions offers valuable
insights into land-use efficiency, clarifies the link between
urbanization and green, low-carbon development, and provides a
crucial theoretical foundation for achieving carbon neutrality within
the context of urban development (Wang et al., 2024a). Therefore,
this study classifies 297 sample cities into distinct urban expansion
types using the Urban Expansion Disparity Index. It then examines
the spatiotemporal evolution of the decoupling relationship between
urban expansion intensity and carbon emissions from 2007 to
2022 using the Tapio decoupling index. Finally, the study
explores the differentiated contributions of urban expansion,
affluence, and technological effects to carbon emissions through
LMDI structural decomposition.

The study demonstrates that the decoupling between urban
expansion and carbon emissions in China has remained relatively
stable over time, gradually progressing towards the ideal scenario of
“urban expansion increasingly decoupling from the negative
externalities of carbon emissions.” However, significant room for
improvement remains. Spatially, there is a pronounced polarization
in the decoupling outcomes, with weak decoupling (WD) and strong
negative decoupling (SND) emerging as the two dominant and
contrasting decoupling types across Chinese cities. A closer
analysis by city type reveals that cities exhibiting improved
decoupling trends tend to be characterized by dynamic urban
vitality, successful industrial restructuring, and robust economic
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transformation. The Yangtze River Delta region stands out as a key
cluster of such cities. In contrast, cities with deteriorating decoupling
trends, often experience what is referred to as “Hegangzation” (a
term describing the economic stagnation, population outflow, and
urban decline faced by resource-dependent cities like Hegang in
Heilongjiang Province) (Huang et al., 2024), face persistent
challenges such as entrenched development patterns and stalled
industrial transitions. These cities are predominantly located in the
northeastern provinces and certain parts of central and western
China. The emergence of different decoupling types is closely linked
to regional development policies, economic structures, and local
vitality. The unequal decoupling patterns highlight the role of rapid
urbanization in exacerbating regional disparities and polarization in
urban development (Hu et al., 2024). To achieve comprehensive
decoupling between urban expansion and carbon emissions, it is
crucial to prioritize coordinated development across urban areas.

Analyzing the relationship between urban expansion types and
carbon emission decoupling types reveals a significant and relatively
stable correspondence. In general, cities experiencing rapid
expansion are predominantly associated with weak decoupling
(WD) and growth linkage (GL) decoupling types. These cities,
typically at an upper-middle stage of development, continue to
exhibit strong demand for land. However, the direction of their
development—whether toward WD or GL—largely depends on
factors such as the intensity of land use (extensive vs intensive)
and the nature of their industrial structure (high-carbon vs energy-
efficient). Cities characterized by slow expansion are mainly linked
to expansion-negative decoupling (END). These cities often grapple
with the contradiction of high land demand and limited available
resources. Their development remains heavily reliant on energy-
intensive industries, positioning them as both major sources of
environmental pollution and key targets for low-carbon governance
efforts. Conversely, cities in decline predominantly exhibit
stagnation-negative decoupling (SND). Under the combined
pressures of population loss and resource depletion, these cities
are marked by inefficient and energy-intensive development
patterns. To address these challenges, it is crucial for these cities
to cultivate new growth drivers and undergo structural
transformation.

The effect analysis results indicate that, overall, both urban
land expansion and affluence contribute to increased carbon
emissions, while technological effects play a suppressive role.
This suggests that China’s current economic development
remains heavily dependent on resource consumption, although
technological innovation can help mitigate carbon emissions to
some extent. However, the impact of these effects varies across
different decoupling types, reflecting regional disparities in
development stages. In regions undergoing industrial
restructuring towards low-carbon, high-value-added sectors,
the contribution of the affluence effect to carbon emissions
significantly weakens, and may even become suppressive.
Conversely, in regions where industrial structures continue to
rely heavily on energy-intensive industries, both affluence and
technological effects contribute substantially to carbon
emissions. In shrinking cities, which suffer from a lack of
economic vitality, the relationship between urban land
expansion and carbon emissions is weaker, and the expansion
effect has a minimal impact on driving emissions.

5 Conclusions and policy implications

This study analyzes 297 Chinese cities, classifying them by urban
expansion intensity using the Urban Expansion Disparity Index. The
Tapio decoupling model is employed to investigate the spatiotemporal
evolution of decoupling relationships between urban expansion and
carbon emissions from 2007 to 2022. Additionally, the LMDI model is
applied to assess the impacts of land expansion, affluence, and
technological factors on the carbon intensity of cities across different
decoupling types. The results reveal a pronounced polarization in the
decoupling states of urban expansion intensity and carbon emissions in
China, with Weak Decoupling (WD) and Strong Negative Decoupling
(SND) being the dominant types. From an urban typology perspective,
there is a clear correspondence between urban expansion types and
decoupling outcomes: rapidly expanding cities are predominantly
categorized as WD and Growth Linkage (GL) types, slowly
expanding cities are mainly classified as Expansion-Negative
Decoupling (END) types, while declining cities are primarily
characterized by SND. Furthermore, in the context of China’s
current development stage, urban expansion and affluence
significantly contribute to increased carbon emissions, while
technological advancements effectively mitigate them. Compared to
previous studies, this research innovatively adopts urban construction
land expansion intensity as an indicator of economic development,
addressing the limitations of GDP, which fails to capture the
environmental resource consumption associated with economic
growth and, consequently, cannot fully reflect the social and
environmental impacts of the decoupling process between urban
development and carbon emissions. By systematically analyzing the
decoupling relationship between urban expansion and carbon
emissions across different city types, this study provides a
comprehensive examination of the underlying mechanisms linking
urban development and environmental sustainability. From a land-
use perspective, it establishes a solid theoretical foundation for
formulating differentiated carbon reduction policies tailored to cities
with varying urban expansion patterns, thereby contributing to a
synergistic balance between new urbanization and low-carbon
sustainable development across diverse urban contexts.

Based on these findings, several policy recommendations are
proposed to address the identified challenges and leverage the
potential of low-carbon urban development.

Firstly, from a regional development perspective, addressing the
unequal patterns of urban expansion and carbon emission decoupling
necessitates the establishment of a collaboration-oriented regional
strategy to reduce interregional disparities. On the one hand, the
government should prioritize policy support for the northeastern
provinces and certain underdeveloped central regions. This can be
achieved through specific measures such as encouraging the
development of the non-public economy, implementing policies to
promote border-area openness in the northeast, and enhancing
infrastructure and transportation networks in key development
zones, remote and underprivileged areas, and other less-developed
regions. These efforts aim to accelerate industrial restructuring,
expand external openness, and foster new growth drivers, ultimately
reversing urban decline and revitalizing regional development. On the
other hand, further advancing urban cluster integration should be
accompanied by targeted support for less-developed areas through
policies such as paired assistance and cooperative partnerships.
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These initiatives should facilitate resource and technology sharing while
ensuring that potential risks, such as carbon leakage during industrial
relocation, are effectively managed. This strategy aims to harness urban
growth dynamics to drive high-quality regional development, achieving
both sustainable progress and balanced regional equity.

Secondly, improving the current decoupling status through
industrial restructuring and land-use optimization remains a crucial
pathway for achieving low-carbon development. To this end, tailored
carbon reduction policies should be implemented based on the specific
developmental characteristics of different urban expansion types. For
rapidly expanding cities, efforts should focus on promoting the rapid
development of low-carbon, high-value-added industries, advancing
smart city initiatives, and expanding renewable energy adoption to
reduce carbon emissions. Additionally, optimizing land-use efficiency is
essential—implementing a compact urban development model,
restructuring land-use patterns, curbing inefficient urban sprawl, and
encouraging high-density, low-carbon communities can significantly
mitigate the high carbon footprint associated with extensive urban
expansion. For slowly expanding cities, priority should be given to
accelerating the low-carbon transition of energy-intensive industries.
This can be achieved by encouraging enterprises to adopt cleaner
production technologies, improving energy efficiency (Sun et al.,
2024), and exploring digitalization and smart manufacturing
pathways to reduce their carbon footprint. Simultaneously, in terms
of land use, optimizing land-use planning, revitalizing underutilized
land, and promoting the renewal and redevelopment of old industrial
areas can enhance both economic and ecological benefits. For declining
cities, the key lies in fostering emerging industries and stimulating new
growth drivers. This can be achieved by attracting external investment
and introducing advanced technology industries to transform the urban
development model, addressing both economic stagnation and
environmental degradation. Additionally, land reclamation and
ecological restoration measures should be implemented, alongside
strategic urban zoning to prevent unregulated expansion that could
harm the environment. Promoting green agriculture and eco-tourism
can further enhance the comprehensive value of land, supporting
sustainable development.

Finally, harnessing the emission-reduction potential of technological
innovation is a vital pathway for achieving synergy between urban
development and carbon reduction (Liang et al., 2024). Efforts should
focus on advancing the research, development, and deployment of low-
carbon technologies through increased financial investment and targeted
policy support. Accelerating the adoption of these technologies across
diverse cities and industries is essential, particularly in energy-intensive
cities and traditional industrial sectors. Such measures will provide the
necessary technological foundation to facilitate the decoupling of urban
expansion from carbon emissions, driving progress toward sustainable
urban development.

However, this study has several limitations. First, the reliance on
local statistical yearbook data for urban construction land may
introduce discrepancies between reported data and actual land
use. These discrepancies arise from variations in statistical
standards and data accuracy across different regions and years.
Second, the selection of sample areas is constrained by data
availability, leading to incomplete coverage of urban areas
nationwide. This limitation is particularly evident in the
underrepresentation of cities in northwestern provinces, such as
Tibet, Xinjiang, and Qinghai, which may result in regional gaps in

the analysis. Finally, this study provides a relatively simplified
analysis of the mechanisms influencing the decoupling
relationship between urban expansion and carbon emissions. It
primarily considers internal factors such as affluence effects,
technological effects, and emission intensity effects, while
overlooking potential external influences, such as policy
interventions, on the decoupling process. Future research should
employ more sophisticated models, such as the PSM-DID approach
(Wang et al., 2024), to further investigate the underlying
mechanisms shaping the relationship between urban expansion
and carbon emissions, thereby offering a more comprehensive
theoretical foundation for carbon reduction policies.
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