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Reducing carbon emissions in the building sector is crucial to achieving carbon
peak and carbon neutrality goals. Identifying the influencing factors of carbon
emissions from building operations at the city level and predicting carbon peaks is
of great significance for developing locally adapted policies. This article examines
the spatial and temporal trends of carbon emissions at the building operation
stage in the Yangtze River Delta (YRD) region over the last 15 years. This article
analyzes the driving factors at a city level using the GDIM method and evaluates
the decoupling status of income growth and carbon emissions with the GDIM-
based decoupling model. The peak time and peak value of operational carbon
emissions in the YRD region are predicted through a combination of scenario
analysis and the Monte Carlo method. The research shows that: (1) the total
carbon emissions from the building operational stage in the YRD region increased
by 163.63%, of residents’ disposable income and energy consumption
contributed the most. (2) In terms of decoupling relationship between carbon
emissions and income growth, rural residential buildings (RR) outperform urban
residential buildings (UR) and public buildings (PB). (3) According to the dynamic
simulation, the operational carbon emission in the YRD region is expected to peak
at 498.18–504.83 Mt MtCO2 between 2030 and 2035. (4) The peak of PBs and
URs in Nanjing, Suzhou and some third- and fourth-tier cities, and RRs in eastern
and central cities in the YRD will occur at the latest, necessitating close
monitoring. These findings can serve as a basis for developing scientific and
reasonable building emission reduction policies in a multilevel
governance context.
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1 Introduction

A new era in the governance of climate change was ushered in with the signing of the
Paris Agreement. Due to its high primary energy consumption, which accounted for 26.13%
of global CO2 emissions in 2020, China is the world’s greatest energy user and emitter (Chen
et al., 2023). The Chinese government has pledged to peak carbon emissions before
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2030 and attain carbon neutrality before 2060 in order to combat
global climate change and reduce emissions (Shi et al., 2023; You,
2023). China’s building carbon emissions and energy consumption
have continued to rise in recent years due to the country’s increasing
urbanization and ongoing improvements in people’s living
conditions. Carbon emissions in the building sector account for
50.9% of the national total carbon emissions, with a total of
5.08 billion tCO2 emitted throughout the entire process.
Specifically, the building operation stage contributes 2.16 billion
tCO2, which is 21.7% of the national total carbon emissions
(CABEE, 2022). The conflict between the pressing requirement
for national energy conservation and emission reduction and the
building operating stage’s increasing energy consumption is
becoming more and more apparent (Li et al., 2023). In 2021, the
State Council of China issued the Action Plan for Carbon Dioxide
Peaking before 2030, which explicitly states that"promoting the green
and low-carbon transformation of urban and rural construction, and
accelerating the upgrading of energy efficiency in buildings.”
Therfore, the achievement of China’s “dual carbon” goals is
closely linked to the reduction of emissions during the
operational phase of buildings.

Cities are the basic units for implementing energy policies (Wang
Y. et al., 2020). Significant variations in climate, energy structure, and
economic status among different cities create significant variations in
the characteristics, influencing factors, and peak periods of carbon
emissions from building operations among cities. Therefore, to
establish building emission reduction pathways and scientifically
formulate relevant policies, the total amount of carbon emissions at
the building operation stage need to be accounted for and the factors
influencing carbon emissions need to be identified to predict future
carbon emissions at the city level.

The Yangtze River Delta (YRD) region is the largest urban
agglomeration in China and the sixth largest in the world. The YRD
is one of China’s most economically vibrant areas and the building
carbon emission in this area is very high, thus takes more
responsibility for emission reduction (Liu, et al., 2022). The study
of carbon emissions at the building operation stage in the YRD
region can provide data support and policy suggestions for low-
carbon and green development in the YRD region and has great
reference value for other provinces and cities.

2 Literature review

The decomposition and prediction of carbon emissions in the
building sector is currently a hot research topic, but this research has
primarily been on a global or national scale, with little investigations
conducted at the province level and even fewer at the city level. This is
because data on carbon emissions from building operations are less
complete at the city level. Two approaches commonly used to measure
carbon emissions from buildings at the city level are top-down and
bottom-up methods. The top-down approach initially calculates the
carbon emissions resulting from building operations at the provincial
level based on the energy balance table (EBT) (Huo et al., 2018) and
then downscales the carbon emissions to the city level by using
population or economic indicators (Wang Y. et al., 2020; Wang Y.
et al., 2023). However, this approach fails to account for variations in
carbon emissions per capita among several cities within the identical

province, potentially resulting in inaccuracies. The Professional
Committee of Building Energy and Emissions (CABEE, 2022)
improve the top-down method and calculated the building carbon
emission at city level with energy consumption from the China City
Statistical Yearbook, and China Urban Construction Statistical
Yearbook, but this method neglect the gas and heating energy
consumption in the town areas and rural areas (Geng et al., 2022).
The bottom-up approach initially identifies the energy consumption of
typical buildings within a city and subsequently estimates the energy
demand and carbon emissions on a city level (Zhang et al., 2023).
However, this method is applicable to a small number of cities with
comprehensive basic data.

Regarding carbon emission decomposition, population,
urbanization rate, per capita floor area, economic growth, and
energy consumption are the main increasing factors (Chen H.
et al., 2023; Chen and Bi, 2022; Zhang J., 2023; Huo et al., 2021;
Ma, 2017), while improving energy intensity, emission factors, energy
structure, etc., are the main decreasing factors (Yang et al., 2017;Wu P.
et al., 2019; Wu S. et al., 2023; Zou et al., 2023). Commonly used
decomposition methods include the structural decomposition method
(SDA) and index decomposition analysis (IDA). Although the
Logarithmic Mean Divisia method (LMDI) is the most commonly
used IDA method, the LMDI solely considers absolute factors, and
there exists a significant dependency among these factors, resulting in
inaccuracies. Therefore, Vaninsky (2014) proposed the Generalized
Divisia Index method (GDIM) to improve it, thereby enabling a more
comprehensive and precise quantification of the contributions of
various factors to carbon emissions. This method will also be
employed in the present study.

Decoupling is an important tool to examine the correlation
between economic development and environmental consequences
(Wang Q. et al., 2018) and has been extensively utilized in various
fields (Miao, Liu, and Chen, 2020; Yu and Fang, 2021; Zhang et al.,
2022; Dong et al., 2021; Wang et al., 2019). Carbon emissions
resulting from the operational phase of buildings are intricately
linked to economic progress. However, research on the decoupling
impact of building carbon emissions started late and is relatively few,
mainly focus on the comparison of decoupling results between
countries (Zhong et al., 2021), provinces (Huo et al., 2021) and
megacities (Liang et al., 2019; Ma et al., 2022).

Regarding carbon emissions predictions, the majority of research
employ scenario analysis, in combination with commonly used
models including Long-range Energy Alternatives Planning (LEAP)
models (Kim et al., 2020; Zhang and Luo, 2023), market allocation
models (Chiodi et al., 2013; Sarıca et al., 2023), Stochastic Impacts by
Regression on Population, Affluence, and Technology (STIRPAT)
models (Cong et al., 2015; Xu and Wang, 2020; Zhu et al., 2022),
systemdynamicsmodels (Huo et al., 2022; Huo et al., 2022), BP neural
networks (Tang et al., 2024) and shared socioeconomic pathways
(SSPs) (Zhang et al., 2021; Wang S. et al., 2022; Zhang et al., 2022;
Huang et al., 2023). Among these, the representative concentration
pathway (RCP) and SSPs proposed by the Intergovernmental Panel
on Climate Change (IPCC) are recognized climate prediction models
due to their consideration of uncertainties in the implementation of
climate policies and the resulting socioeconomic changes (Gao and
O’Neill, 2020; Wu et al., 2023). The relationship between carbon
emissions during the operation of buildings and socioeconomic
factors is significant. Therefore, the SSP framework is a suitable
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method for predicting future carbon emissions in the building sector
(Gan et al., 2023). Therefore, how to adapt the SSPs framework to the
carbon emission characteristics of buildings and apply it at different
local levels, such as provinces and cities (Nilsson et al., 2017), has
become of interest for guiding specific local policies.

In sum, while existing researches have provide a rich discussion
on building carbon emission, there are still some deficiencies. First,
most study on the building focus on the national or provincial level,
but data at these levels obscure regional heterogeneity at the city
level, makes it difficult to put forward specific suggestions. Second,
the methodology of the calculation of building operational carbon
emissions at the city-level needs to improved, as the town and rural
areas are often neglected. Third, there are relatively few studies
centered on the decoupling status between the building operating
carbon emissions and income growth, thus the decoupling
relationship is still unclear. Fourth, in the building carbon
emission prediction, there is a tendency to place greater emphasis
on technical details, with less attention paid to economic and social
considerations, and a lack of sufficient consideration of uncertainty.

To fill these research gaps, this paper selects YRD region as the
study area and explores the driving factors and decoupling status of
carbon emissions from building operations at the city scale, and
predicts the carbon peak time and value. Compared to the existing
studies, the contributions of this paper include that:

• In terms of research scale, this study focus on the decomposition,
decoupling and prediction of building carbon emission at the
city level, addressing the gap in previous studies regarding this
scale. The city-level analysis helps to formulate locally adapted
energy conservation and emission reduction policies.

• In terms of carbon emission measurement at the city level, this
study improve the methodology based on CABEE (2022)’s
method by combing the energy consumption data from the
China County Seat Construction Statistical Yearbook to cover
the town and rural areas. This approach enhances the accuracy
of carbon emission accounting.

• In terms of research method, this study use the GDIM
methods to identify the drivers of building operation
emissions, then reveals the decoupling effect by GDIM-
based decoupling methods. This study reveals regional and
urban-rural heterogeneity in the drivers and decoupling
statues of building carbon emission, which helps to gain a
comprehensive understanding of the changes in carbon
emissions from different building types in different cities.

• For carbon emissions prediction, the SSPs framework is
introduced to better consider the impacts of demographic and
economic factors. By comparing the results of the projections of
peak carbon emissions between cities and the region, it is possible
to identify key cities for emission reduction and identify carbon
emission reduction pathways in different cities.

3 Methods and data

3.1 Study area

The YRD region covers Shanghai, Jiangsu (JS), Zhejiang (ZJ),
and Anhui (AH) Provinces; comprises 41 cities and spans

358,000 km2 (Figure 1). The YRD region’s GDP in
2021 amounted to 27.60 trillion yuan, representing around 25%
of the nation’s overall economic output. The population of the
YRD region was 236.47 million in 2021, with an urbanization rate
of 71.44%, which is 6.72% higher than the national average. In the
face of increasing energy and environmental issues, the 14th Five-
Year Plan proposes to “build demonstration zone of green and
integrated ecological development of the YRD at a high level.” The
region has implemented policies such as the Overall Program for
the Demonstration Zone of Green and Integrated Ecological
Development of the YRD and has taken the lead in exploring
an eco-friendly development model.

Classifying cities helps to identify the characteristics and
trends of carbon emissions at the building operations in
different types of cities. In this study, the classification of YRD
cities is based on the research findings of Institute, (Institute,
2022). The classification is based on five dimensions:
concentration of business resources, urban hub status, urban
population activity, diversity of lifestyle, and future malleability.
This classification is commonly used in city-level studies (Zhang
et al., 2023; Dai and Yang, 2024; Wu et al., 2024). According to this
criterion, the cities in YRD region are classified into five categories:
first, new first, second, third, and fourth-tier cities, as shown
in Table 1.

3.2 Methods for the calculation of building
operating carbon emissions at the city level

Building operation carbon emissions refer to the carbon
emissions during the operation phase of a building; these
emissions in China mainly cover three building types: UR, RR,
and PB (Huo et al., 2022). The carbon emission coefficient approach,
recommended by the IPCC, is widely adopted for calculating carbon
emissions due to its straightforward data collecting and
uncomplicated calculation methodology. The calculating formula
is expressed in Eq. 1.

C � ∑3
j

∑m
k

Ejkfk (1)

where C is the carbon emissions at the building operation stage; j
is the different building types; j = 1,2,3 represents PB, UR and
RR, respectively; k is the different energy sources; E is the
building energy consumption; and f is the carbon
emission factor.

The calculation of carbon emissions from building operations at
the city level is optimized using the methodology published by the
CABEE (2022).

3.2.1 Indirect carbon emissions
• Electricity accounts for almost 70% of the total energy
consumption. The electricity consumption of URs and
RRs is shown as electricity consumption for urban and
rural residents, respectively, in the city statistical
yearbooks. The electricity consumption of PB originates
from tertiary industry, which mainly includes wholesale
and retail trade, accommodation and catering, leasing and
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business services, public services and management
organizations. In addition, a portion of the energy
consumption of buildings in the transportation, storage
and postal sectors should be added.

• Centralized heating. There are a few centralized heating cities in
the YRD region, includingHefei, Huainan, Chizhou andChuzhou
in Anhui Province. The heating energy consumption data were
obtained from theChina Urban Construction Statistical Yearbook.

FIGURE 1
Study Area. (A) The Location of the study area in China; (B) 41 cities in the study area.

TABLE 1 The classification of cities in YRD region.

City level Number of
cities

Cities Characteristics

First-tier cities 1 Shanghai Developed megacities with the largest populations, highest GDP
and incomes and well-developed transport infrastructures

New first-tier
cities

5 Nanjing, Suzhou (JS), Hangzhou, Ningbo, Hefei Provincial capitals or coastal open cities with strong economic
strength, convenient transport and high development potential,
which are close to the first-tier cities in one or more aspects

Second-tier cities 9 Wuxi, Xuzhou, Changzhou, Nantong, Wenzhou, Jiaxing,
Shaoxing, Jinhua, Taizhou (ZJ)

Large cities with strong economic strength, good industrial
fundamentals and relatively convenient transport

Third-tier cities 15 Lianyungang, Huaian, Yancheng, Yangzhou, Zhenjiang,
Taizhou (JS), Suqian, Huzhou, Suzhou (AH), Bengbu, Fuyang,

Chuzhou, Liuan, Wuhu, Anqing

Large or medium-sized cities with relatively developed economies and
relatively reasonable industrial structure, but the comprehensive
competitiveness of the cities still needs to be further improved

Fourth-tier cities
and below

11 Quzhou, Zhoushan, Lishui, Huaiben, Bozhou, Huainan,
Maanshan, Xuancheng, Tongling, Huangshan, Chizhou

Medium or small cities with relatively medium or small population
and economic strength
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3.2.2 Direct carbon emission
• Natural gas and LPG directly create carbon emissions. CABEE’s
method for calculating carbon emissions indicates that the
amount of natural gas and LPG consumption of households
can be obtained from the China Urban Construction Statistical
Yearbook. Importantly, this statistical scope includes only the
urban area and excludes towns and villages, which may result in
inaccuracies, particularly in cities with low levels of urbanization.
This study takes the household consumption of natural gas and
LPG in counties into account, as provided by the China County
Seat Construction Statistical Yearbook. The calculation formula
is shown in Eqs 2–4.

EUR,j,i,k � EUR,j,k
′ ×

ER,j,i,k
′

∑ER,j,i,k
′ (2)

ERR,j,i,k � ERR,j,k′ ×
ER,j,i,k
′

∑ER,j,i,k
′ (3)

EPB,j,i,k � EPB,j,k′ ×
ER,j,i,k
′

∑ER,j,i,k
′ (4)

where i is the ith city in YRD region, j is the jth province in YRD
region, k is the fossil fuel, including natural gas and LPG; EUR,j,i,k,
ERR,j,i,k, EPB,j,i,k are energy consumption of UR, RR and PB in the
city level; EUR,j,k′ , ERR,j,k′ , EPB,j,k′ are energy consumption of UR, RR
and PB in the energy balance scale at province level; and ER,j,i,k′ is the
household consumption of natural gas or LPG.

• Raw coal, briquettes, gasoline, and diesel oil have relatively low
shares of energy. Based on the corresponding energy data from
the provincial energy balance sheets, the allocation is based on the
city’s energy consumption weights, as shown in Eq. 5.

p � Icity
Iprovince

(5)

where p is the city’s energy consumption weight and Icity and
Iprovince represent the indexes of the corresponding city and
province, respectively. For the UR and RR, we used the urban
and rural populations as the index. For PB, we used the domestic
product of tertiary industry gross as the index.

3.3 GDIM method

The GDIM method is a multidimensional factor decomposition
model based on the KAYA identity. The method takes into account
several quantitative and relative indicators, so addressing the
limitations associated with the interdependence of driving elements
in conventional decomposition approaches (Yu and Fang, 2021; Gan
et al., 2023). According to the GDIMproposed byVaninsky (2014), the
expression of building operation carbon emissions and related factors
is shown in Eqs 6–9.

C � ∑41
i�1
∑3
j�1
Cij � ∑41

i�1
∑3
j�1

Cij

Fij
× Fij � ∑41

i�1
∑3
j�1

Cij

Eij
× Eij � ∑41

i�1
∑3
j�1

Cij

Pij
× Pij

� ∑41
i�1
∑3
j�1

Cij

Iij
× Iij

(6)

Iij
Pij

� Cij

Pij
( )/ Cij

Iij
( ) (7)

Eij

Fij
� Cij

Fij
( )/ Cij

Eij
( ) (8)

Fij

Pij
� Cij

Pij
( )/ Cij

Fij
( ) (9)

where i is the ith city in YRD region, j is different building types, j =
1,2,3 represents PB, UR and RR; C is the building operation carbon
emission. There are eleven influencing factors, including four
absolute and seven relative factors. To simplify the equation, set
z = C, X1 = P, X2 = C/P, X3 = I, X4 = C/I, X5 = F, X6 = C/F, X7 = E,
X8 = C/E, X9 = I/P, X10 = E/F, and X11 = F/P. The meaning of the
factors are shown in Table 2.

Thus, Eqs 6–9 can be transformed into Eqs 10–16 as

Z � X1X2 (10)
X1X2 −X3X4 � 0 (11)
X1X2 −X5X6 � 0 (12)
X1X2 −X7X8 � 0 (13)
X3 −X1X9 � 0 (14)
X7 −X5X10 � 0 (15)
X5 −X1X11 � 0 (16)

The contribution of factor to the change in carbon emissions is
the function C (X), and according to the GDIM, the Jacobian matrix
φ(X) is constructed as shown in Eq. 17.

Φ X( ) �

X2 X1 −X4 −X3 0 0 0 0 0 0 0
X2 X1 0 0 −X6 −X5 0 0 0 0 0
X2 X1 0 0 0 0 −X7 −X8 0 0 0
−X9 0 1 0 0 0 0 0 −X1 0 0
0 0 0 0 −X10 0 1 0 0 −X5 0

−X11 0 0 0 1 0 0 0 0 0 −X1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

T

(17)

According to the GDIM principle, the change in carbon
emissions ΔC is decomposed into the sum of the contributions of
the individual influencing factors as Eq. 18:

ΔC X
∣∣∣∣φ[ ] � ∫

L
∇CT ID−[ φ X( )φ X( )+dx (18)

where L is the time span; ∇C denotes (X2 , X1 , 0, 0, 0, 0, 0, 0, 0, 0, 0);
ID is the identity matrix; and the superscript “+” is the generalized
inverse matrix. If the columns of φ (X) are linearly independent,
then φ(X)+ � (φ(X)Tφ(X))−1φ(X)T.

Based on the above factor decomposition, the changes in
building operation carbon emissions are decomposed into the
contributions of eleven driving factors. Among the four absolute
factors, ΔCF,ΔCE,ΔCP and ΔCI denote the effects of the floor space
scale, energy consumption scale, population scale and disposable
income scale, respectively. Among the seven relative factors, ΔCCF,
ΔCCE,ΔCCP, and ΔCCI represent the effects of carbon emission
changes per unit of floor space, per unit of energy consumption,
per capita and per unit of disposable income, respectively; and
ΔCIP ,ΔCEF , and ΔCFP represent the impacts of per capita
disposable income, energy intensity per floor space and per
capita floor space, respectively.
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3.4 The GDIM-based decoupling method

Based on the decomposition results from the GDIM, changes in
building operation carbon emissions resulting from ΔCI and ΔCIP

can be attributed to effects of income growth (Yu and Fang, 2021) In
order to examine the decoupling relationship of income growth and
carbon emissions, it is necessary to separate the effects of income
growth from changes in total carbon emissions. Apart from the
income growth effect, the factors are considered potential indicators
in decoupling income growth from carbon emissions. The results is
shown in the Eq. 19.

ΔF � ΔC − ΔCI − ΔCIP

� ΔCF + ΔCCF + ΔCE + ΔCCE + ΔCP + ΔCCP + ΔCCI + ΔCEF

+ ΔCFP

(19)
where ΔF is the sum of the factors that directly or indirectly lead to a
decrease in building operation carbon emissions. The decoupling
indicator can be used to quantify the degree to which income growth
is disconnected from carbon emissions resulting from building

operations. It is calculated by comparing the efforts made to achieve
decoupling with the effect of income increase, as shown in Eq. 20.

φT−0 � ΔF
ΔCI + ΔCIP

� ΔCF + ΔCCF + ΔCE + ΔCCE + ΔCP + ΔCCP + ΔCCI + ΔCEF + ΔCFP

ΔCI + ΔCIP

� φF + φCF + φE + φCE + φP + φCP + φCI + φEF + φFP

(20)

where φT−0 is the decoupling indicator of building operation
carbon emissions from income growth during the period [0, T].
The definition of the decoupling state is shown in Table 3.

3.5 Carbon emission prediction
simulation method

3.5.1 Building operation carbon emission
prediction model

The static building operational carbon emissions model is
based mainly on the KAYA identity and the results of the

TABLE 2 Interpretation of the factors in the GDIM decomposition.

Variable Definition Meaning Supporting reference

X1 = P Population The number of permanent residents (Ma, 2017; Chen et al., 2023; Huo et al., 2023; Li et al. 2023; Chen et al., 2024)

X2 = C/P Carbon emission per capita Carbon emission per capita (Chen et al., 2023; Gan et al., 2023; Li et al., 2023)

X3 = I Disposable income The total resident disposable income (Hao et al., 2023; Huo et al., 2023; Li et al., 2023; Chen et al., 2024)

X4 = C/I Carbon intensity of income growth Carbon emission per unit of
disposable income

(Donglan et al., 2010; Hao et al., 2023; Li et al., 2023)

X5 = F Floor space The existing stock of building floor
space

(Wu et al., 2019; Ma et al., 2022; Yan et al., 2022; Chen et al., 2023; You, 2023)

X6 = C/F Carbon intensity of floor space Carbon emission per floor space (Ma, 2017; Ma et al., 2022, Yan et al., 2022; Chen et al., 2023)

X7 = E Energy consumption The total energy consumption (Yan et al., 2022; Chen et al., 2023; Gan et al., 2023; Li et al., 2023)

X8 = C/E Carbon intensity of energy (Carbon
emission factor)

Carbon emission per unit energy
consumption

(Wu et al., 2019; Liu et al., 2022; Chen et al., 2023; Gan et al., 2023;
Zou et al., 2023)

X9 = I/P Per capita disposable income Per capita disposable income (Donglan et al., 2010; Lin and Li, 2015; Hao et al., 2023; Wu et al., 2023;
Chen et al., 2024)

X10 = E/F Energy intensity of floor space Energy consumption per floor space (Ma et al., 2022; Chen et al., 2023; Zou et al., 2023; Lin and Li, 2024)

X11 = F/P Per capita floor space Building floor space per capita (Ma, 2017; Li et al., 2023; Zou et al., 2023; Lin et al., 2024)

TABLE 3 Definition of decoupling state (Yu and Fang, 2021; Ma et al., 2022).

Decoupling state ΔCI + ΔCIP ΔF φT−0

Strong decoupling (SD) >0 <0 φT−0 < − 1

Weak decoupling (WD) >0 <0 −1<φT−0 < 0

Expansive negative decoupling (END) >0 >0 φT−0 > 0

Strong negative decoupling (SND) <0 >0 φT−0 < − 1

Weak negative decoupling (WND) <0 >0 −1<φT−0 < 0

Recessive decoupling (RD) <0 <0 φT−0 > 0
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previous GDIM with reference to the studies of Yang et al. (2017).
The building operation carbon emissions in the YRD region are
the sum of the building operation emissions from 41 cities and
each building type.

C � Cp + Cu + Cr (21)
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u
i
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i
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where C is the total building operation carbon emission; Cu, Cr, and
Cp denote the building operation carbon emission of URs, RRs and
PBs, respectively; i is the ith city in the YRD region; P, F, and E
denote the population, building floor space and energy
consumption, respectively; f, e, c denote the per capita floor
space, energy intensity per floor space and carbon emission
factor, respectively; and u is the urbanization rate. Based on the
literature (Hong et al., 2016; Pan et al., 2022), the per capita floor
space of URs and RRs are modeled as logarithmic functions of the
disposable income per capita of urban and rural residents, as shown
in Eqs 25, 26

fu
i � aui ln Iui( ) + bui (25)
fr
i � ari ln Iri( ) + bri (26)

where Iui , I
r
i are the per capita disposable incomes of urban and rural

residents in the ith city in the YRD region.

3.5.2 Scenario and parameter settings
Scenario analysis is a systematic method for forecasting and

assessing the future state of an object with high uncertainty. The
IPCC created SSP and RCP climate change forecasts from various
standpoints; their precise definitions are provided in Table 4. In
order to objectively model the trajectory of carbon emissions
during the operational phase of buildings in the YRD region,
three carbon emission scenarios were created. These scenarios
were based on the societal development trend, emission reduction
policies, and specific actual situation by combining the RCP-
SSP scenarios:

• Business as usual (BUA): Based on RCP6-SSP2. In order to
reach the 2030 peak carbon goal, there will be ongoing policies
focused on energy-efficient buildings in the near and medium
future. Additionally, the majority of the occupants’
requirements for comfort in the built environment will be
met. Carbon emissions in the building sector are projected to
reach their maximum level and then decline.

• High carbon (HC): Based on the RCP8.5-SSP5 scenario. The
government maintains high economic growth rates by relying
on fossil fuels and not implementing low-carbon energy
efficiency policies, resulting in an increase in carbon emissions.

• Low carbon (LC): Based on the RCP2.6-SSP1 scenario. The
government is vigorously implementing measures pertaining
to energy saving and emission reduction. The widespread
adoption of low-carbon technology will lead to a gradual
reduction in the annual growth of energy consumption and
carbon emissions in the building sector.

Regarding parameter setting, the population, GDP growth rate, and
urbanization rate are obtained from the SSP database. In the BAU
scenario, each city’s energy intensity per floor space and carbon
emission factor will first continue to follow historical trends.
Subsequently, with the implementation of relevant low-carbon
policies, the growth rate of energy intensity per floor space and the
carbon emission factorwill slow and eventually decline. Table 5 presents
the rules for determining the growth rate of energy intensity per floor
space and the carbon emission factor in the BAU scenario. According to
the BAU scenario, the energy intensity per floor space and the carbon
emission factor of the HC and LC scenarios are projected to increase by
0.5% and decrease by 0.5%, respectively.

TABLE 4 Definition of the RCP-SSP scenario (Wang et al., 2022; Gan et al., 2023).

Model Scenario Definition

Shared Socioeconomic
Pathways

SSP1 (Sustainability) Moderate economic growth, low carbon and energy intensity and green environment

SSP2 (Middle of Road) Efforts to achieve Sustainable Development Goals without a fundamental breakthrough. Reliance on fossil
fuels slowing

SSP5 (Fossil Fueled
Development)

High economic growth, dependence on fossil energy with no commitment to climate intervention policy-
making

Typical Concentration
Pathway

RCP2.6 Humans are actively responding to climate change, and greenhouse gases are declining yearly

RCP4.5 The government actively intervenes and achieve a certain emission reduction effect

RCP6 The government actively intervenes, but the emission reduction effect is not significant

RCP8.5 The government does not get involved in formulating carbon emission reduction policies at all

TABLE 5 The rate of increase in energy intensity per floor space and carbon
emission factor in the BAU scenario.

Year vi > 5% 5%≥ vi >0% vi ≤0%

2021–2025 vi vi vi

2026–2030 vi/2 vi/2 vi

2031–2035 vi/4 0 vi

2036–2040 0 −0.05% vi

2041–2050 −0.05% −1% vi

Frontiers in Environmental Science frontiersin.org07

Wang 10.3389/fenvs.2024.1388739

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1388739


v is the average growth rate of energy intensity per floor space or
carbon emission factor in 2011–2021 and i is the ith city in the
YRD region.

3.5.3 Monte Carlo method
The Monte Carlo approach is employed to anticipate the

dynamic trend of carbon emissions during the building
operation stage, in order to address the constraints of static
carbon emission scenario analysis. This method can randomly
sample values and combine multiple variables according to a given
probability distribution. It has the advantage of modeling multiple
scenarios and conducting uncertainty analysis (Zhang Q. and Li,
2023). Therefore, the Monte Carlo method was used in this study
to simulate multiple scenario prediction results. The following
three steps were included. First, the distributional assumptions of
the variables were established. As previously stated, the BAU
scenario has the highest likelihood of happening, whereas the
HC and LC scenarios reflect the most negative and positive
possibilities, respectively. Due to the level of certainty
associated with the highest expected value and potential range
of each explanatory variable, we have designated all variables as
triangular distributions. The Oracle Crystal Ball program was
employed to conduct 100,000 Monte Carlo simulations based
on the anticipated probability distribution, in order to
guarantee the precision of the sampling outcomes. Finally,
using Eqs 21–24, we calculated the building operation carbon
emissions in the YRD region from 2022 to 2050 and analyzed the
carbon peak year and peak value.

3.6 Data sources

The detailed data sources are as follows. Energy consumption
at the provincial level was obtained from the EBTs of the China
Energy Statistical Yearbook. The electricity consumption at the
city level was obtained from the Statistical Yearbooks of the cities
in the YRD regions. The heating, natural gas and LPG
consumption data at the city level were obtained from the
China Urban Construction Statistical Yearbook and the China
County Seat Construction Statistical Yearbook. The carbon
emission factors are shown in Supplementary Table S1.

Historical data related to population, urbanization rate, added
value of tertiary industry, per capita disposable income, residential
floor area per capita and other relevant factors were obtained from
the Statistical Yearbooks of the cities and provinces in the YRD
region. The floor space per employee in the tertiary sector of
industry was assumed to follow a logistic function of per capita
income (McNeil et al., 2012). This approach is widely used in the
estimation of building floor space (Hong et al., 2016).

The predicted population and GDP were from the SSP database.
This study applied the latest findings of Zhang et al. (2023)’s city-
level SSPs population projections. These projections consider
various factors, such as a city’s political status, development
expectations, migration policies, and recent fertility rates. The
GDP projection came from the study of Jiang et al. (2022). The
database offers GDP raster data for China on a yearly basis, with a
spatial resolution of 0.1°. The data were extracted by city via ArcGIS
and served as a reference for GDP growth in different cities.

4 Results

4.1 Spatial-temporal changes in building
operating carbon emissions in the
YRD region

4.1.1 Temporal change in building operating
carbon emissions

Carbon emissions at the building operation stage in the YRD
region have continued to increase, from 142.86 Mt CO2 in 2006 to
376.57 Mt CO2 in 2021, as shown in Figure 2A. Total building
operation carbon emissions decreased slightly in 2020 due to the
COVID-19 pandemic but increased again in 2021. In terms of
building types, PBs account for the highest proportion
(approximately 50%), and the carbon emissions of URs slightly
exceed those of RRs.

Figure 2B shows the changes in carbon emissions at building
operation stage in different types of cities in the YRD region from
2006 to 2021. In the YRD region, the first-tier city is has the
highest building operational carbon emissions and the lowest
emission growth rate, thus its proportion of carbon emissions in
the YRD region is gradually decreasing, from 22.96% in 2006 to
16.34% in 2021. There are only five new first-tier cities but they
account for the highest share of building operation carbon
emissions, which reached 30.21% in 2021. These cities’ carbon
emissions have grown rapidly, from 37.89 Mt CO2in 2006 to
113.78 Mt CO2 in 2021, representing a 200.27% increase. The
carbon emission shares of the second-tier cities in the YRD
region have remained relatively stable, fluctuating between
23.66% and 25.40% from 2006 to 2021. Among all city types,
third-tier cities have experienced the highest growth rate in
building operation carbon emissions, increasing from 26.71 Mt
CO2 in 2006 to 81.66 Mt CO2 in 2021, an increase of 205.70%.
The proportion of building operation carbon emissions in
fourth-tier and below cities has remained stable, fluctuating
between 6.89% and 8.13%.

4.1.2 Changes in the spatial distribution of
carbon emissions

Figure 3 illustrates the spatial distribution of carbon
emissions from building operations in various cities in the
YRD region from 2006 to 2021. The building operation
carbon emissions are greater in the eastern coastal region than
in the western and central regions. Each year, first-tier cities have
the highest building operation carbon emissions, while new first-
tier, second-tier, third-tier, and fourth-tier cities show a gradual
decrease. For instance, in 2021, Shanghai had the highest
contribution to carbon emissions, with 61.53 Mt CO2, followed
by Hangzhou, a second-tier city, with 27.34 Mt CO2. The lowest
contribution was from Chizhou, a fifth-tier city,
with 1.47 Mt CO2.

In terms of building types, the carbon emissions in PBs and
URs exhibit spatial distributions similar to those of all building
types. As shown in Figures 4A, B, PBs and URs exhibit a spatial
pattern of high carbon emissions in the east and low in the west, as
well as a gradual decrease in carbon emissions in first-tier, new
first-tier, second-, third- and fourth-tier cities. The spatial pattern
of building operation carbon emissions in the RR is relatively
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FIGURE 2
Building operation carbon emissions of different (A) building types and (B) city groups in YRD region.

FIGURE 3
The spatial-temporal characteristics and evolution of building operating carbon emissions in the YRD region.
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different: high in the east and northwest, low in the central
and southwest.

4.2 Decomposition results of building
operating carbon emissions

4.2.1 Decomposition results at the regional level
Based on the GDIM decomposition method, the total carbon

emissions from PBs, URs and RRs in the YRD region were attributed
to changes in 11 factors. As shown in Figure 5, the result reveal the
following key findings:

(1) From 2006 to 2021, building operating carbon emission in the
YRD region has increased by 233.78 Mt CO2, which was
mainly attributed to the PBs (131.45 Mt, 56.23%) and the
URs (57.89 Mt, 24.76%). RRs accounted to a smaller
proportion (44.43 Mt, 19.01%).

(2) The main driving factors for PBs and URs are similar. Residents’
disposable income (ΔCI, 50.42Mt of PBs and 34.84Mt of URs),
energy consumption (ΔCE, 35.06Mt,16.60Mt), carbon emission
per capita (ΔCCP, 30.14Mt, 6.32Mt), and floor space (ΔCF,

28.79Mt, 15.10Mt) are the main driving factors of the increase
in carbon emissions. The carbon intensity of income growth
(ΔCCI, −15.88 of PBs and −19.03Mt of URs), per capita
disposable income (ΔCEF, -2.35Mt, −1.29 Mt) and the carbon
emission factor (ΔCEF, −1.88Mt, −2.01 Mt) are the most
important factor in reducing carbon emissions from building
operations. The remaining factors, such as energy intensity per
floor space (ΔCEF) and per capita floor space (ΔCFP), reduce
carbon emissions from building operations, but the
contributions are small.

(3) The driving factors of carbon emissions in RRs exhibit
different characteristics. Carbon intensity per capita (ΔCCP,
16.81 Mt) and disposable income (ΔCI, 16.43 Mt) and Energy
consumption (ΔCE, 12.58 Mt), carbon intensity per floor area
(ΔCCF, 10.29 Mt) are the main drivers of carbon emission
increases. Population (ΔCP, −4.96 Mt) and carbon intensity of
income growth (C/I, −4.69 Mt) are the main drivers of carbon
emission reduction.

4.2.2 Decomposition results at the city level
The results of carbon emission decomposition for the cities in

the YRD region by building type are shown in Figure 6. For most

FIGURE 4
Building operating carbon emission values of (A) PBs, (B) URs and (C) RRs in the YRD region in 2021.

FIGURE 5
Contribution of driving factors of (A) PB, (B) UR and (C) RR carbon emissions changes in YRD region from 2006 to 2021.
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cities, residents’ disposable income (I), energy consumption (E)
and floor space (I) are the major positive drivers for the carbon
emission of PBs, URs and RRs while carbon intensity of income
growth (C/I), per capita disposable income (I/P) and carbon
emission factor (C/E) are the major negative drives. This is
consistent with the decomposition analysis at the regional
level. The impact of carbon intensity of floor space (C/F) and
carbon emission per capita (C/P) and population (P) varies

widely between cities. The heterogeneity of drivers at the city
level will be discussed further in Section 5.1.

4.3 Decoupling results

Based on the GDIM-Tapio decoupling model in Section 3.4,
decoupling indicator of building operation carbon emissions from

FIGURE 6
Contribution of driving factors of (A) PB, (B) UR and (C) RR carbon emissions changes at the city level in YRD region from 2006 to 2021.

Frontiers in Environmental Science frontiersin.org11

Wang 10.3389/fenvs.2024.1388739

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1388739


income growth in the YRD region was calculated (Table 6). As the
disposable income of residents in the YRD region has been
growing since 2006 to 2021, there are only three decoupling
states, namely, expansive negative decoupling (END), weak
decoupling (WD) and strong decoupling (SD). For PBs and
RRs, SD occurred twice, and END status occurred for the
remaining years. For URs, SD occurred once, WD occurred
twice, and END occurred during the remaining years. This
finding indicates that the carbon emissions at the building
operation stage and disposable income are both increasing
rapidly and have not yet been decoupled.

At the city level, the decoupling indicator for each building
type was calculated according to the Five-year Plan (FYP)
periods. To ensure the continuity of the analysis and avoid
inaccuracies caused by COVID-19, 2021 was included in the
13th FYP period. The results are shown in Supplementary Table
S2–S4; Figure 7. For PBs, most cities in the YRD region
experienced END during the three periods, indicating that the
growth rate of carbon emissions from PBs is comparable to the
growth rate of income growth. Regarding URs, the majority of
cities exhibited END status, with only one city exhibiting SD
status and 6, 4, and 7 cities exhibiting WD status during the 11th,
12th, and 13th FYP periods, respectively. For the RRs, the
numbers of cities with WD and SD statuses in the 13th FYP
period were 4 and 9, respectively, which is significantly greater
than that in the 11th and 12th FYP periods. The cities with SD or
WD statuses were clustered in the northwestern part of the YRD
region, indicating that the Anhui Province’s RRs made significant
progress in terms of energy savings and carbon reduction in the
13th FYP period.

4.4 Prediction of carbon emissions

4.4.1 Prediction of carbon emission at the
regional level

Based on the scenarios outlined in Section 3.5, projections are
made for carbon emissions at the building operation stage in the
YRD region from 2022 to 2050. The forecast results are shown in
Figure 8A. In the BAU scenario, carbon emissions at the building
operation stage in the YRD region will increase gradually from
376.60 Mt CO2 in 2021 and reach a plateau between 2030 and 2035,
maintaining a level of 499.51–500.29 Mt CO2, before gradually
decreasing to 370.88 Mt CO2 in 2050. In the LC scenario, carbon
emissions are projected to peak at 449.69 Mt CO2 in 2030, which is
50.62 Mt CO2 lower than that in the BAU scenario. In the HC
scenario, carbon emissions are expected to peak in 2035, with a peak
of 569.34 Mt CO2. This suggests that maintaining the current carbon
reduction policies alone may not be enough to achieve the
2030 carbon peaking target for the YRD region.

Figure 8B–D shows the projected carbon emissions at the
building operation stage for PBs, URs, and RRs, respectively. In
the BAU scenario, carbon emission peaks for different building types
will occur first for RR in 2030 and then for the URs and PBs in 2034.
The corresponding peak emissions will be 92.22 Mt CO2, 143.59, Mt
CO2, and 267.76 Mt CO2. In the LC scenario, PBs and URs are
projected to reach their peak in 2030 at 240.22 Mt CO2 and
129.72 Mt CO2, respectively; additionally, RRs are expected to
peak in 2025 at 82.75 Mt CO2. In the HC scenario, PBs and URs
are projected to reach their peak at 308.08 Mt CO2 in 2037 and
168.48 Mt CO2 in 2040, respectively. Moreover, the RRs are
expected to peak at 96.39 Mt CO2 in 2030.

In order to comprehensively consider the uncertainties
associated with different elements, the Monte Carlo simulation
technique was employed to dynamically simulate building carbon
emissions 100,000 times to determine the potential emission peak
value and peak times. As shown in Figure 9, the carbon emissions at
the building operation stage in the YRD region are most likely to
reach a carbon peak during the period 2030–2035. The estimated
peak value of total carbon emissions falls within the range of
498.18–504.83 Mt CO2, with an average of 501.17 Mt CO2. The
uncertainty of the carbon emissions is high, possibly because of the
expectation that they will plateau between 2030 and 2035, and the
decreasing trend is not evident.

For each building type, PBs are projected to reach the carbon peak
between 2031 and 2036, with the most likely years being 2035 and
2034, with probabilities of 29.96% and 27.93%, respectively. The most
likely range of peak emissions is 266.62–272.88 Mt CO2. URs are
projected to peak in carbon emissions between 2031 and 2036, with the
most likely years being 2035 and 2034, with probabilities of 30.49% and
27.17%, respectively. The range of possible peak emissions is
143.89–147.46 Mt CO2. RRs are most likely to achieve peak carbon
emissions in 2030, with a probability of 71.15%, followed by 2031, with
a probability of 18.56%. The most likely range of peak carbon
emissions from RRs is 90.16–92.22Mt CO2.

4.4.2 Prediction of carbon emission at the city level
As shown in Figure 10A, for PBs, the number of cities that can

achieve peak carbon emissions by 2030 and before is 21, 31 and 3 in
the BAU, LC and HC scenarios, respectively. As shown in Figure 10B

TABLE 6 Changes in decoupling between carbon emissions and disposable
income in the YRD region.

Year PB UR RR

φ State φ State φ State

2006–2007 3.09 END 0.46 END 2.14 END

2007–2008 1.28 END 1.41 END 1.03 END

2008–2009 2.40 END −0.38 WD 3.15 END

2009–2010 1.69 END 1.57 END 2.89 END

2010–2011 1.14 END −0.92 WD 1.25 END

2011–2012 1.49 END 1.71 END 2.88 END

2012–2013 1.70 END 2.97 END 4.57 END

2013–2014 −1.14 SD −4.62 SD −4.44 SD

2014–2015 1.60 END 0.96 END 1.00 END

2015–2016 2.20 END 2.17 END 6.98 END

2016–2017 2.04 END 1.47 END 1.71 END

2017–2018 1.69 END 2.44 END 2.69 END

2018–2019 1.15 END 0.23 END −3.09 SD

2019–2020 −1.96 SD −0.26 WD 1.02 END

2020–2021 5.90 END 1.00 END 3.71 END
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for URs, 24, 35, and 2 cities can achieve peak carbon by 2030 in the
BAU, LC, and HC scenarios, respectively. Figure 11 further reveals
the relationships between the disposable income, the total value of
carbon emissions and the emissions peak time. Cities with the lowest
per capita disposable income generally experience a later peak in
carbon emissions, such as Lu’an, and Bozhou. Cities with high
disposable income and low total carbon emissions are possible to
peak early, such as Xuzhou and Nantong. For first-and new-tier
cities, which have the highest per capita disposable income and
hugest amount of carbon emission, are most likely to peak by 2035,
indicating the high pressure for carbon reduction in these cities.

For RRs, in the LC scenario, all cities in the YRD region can achieve
peak carbon emissions by 2030 or earlier. In the BAU and HC
scenarios, 36 and 29 cities, respectively, can achieve peak carbon
emissions by 2030 or earlier. In terms of spatial distribution, the
cities that can achieve peak carbon emissions under all three scenarios
are concentrated in the western part of the YRD region (Figure 10C).

5 Discussion

5.1 Drivers of the building carbon emission at
city level

As the economic, demographic and technological profiles of
different cities vary greatly, the drivers of carbon emissions at

building operation stage also vary considerably. This section will
further analyse the key drivers at the city level based on the
decomposition results in Section 4.2. Drivers with a small
contribution, less than 10% in most cities, such as energy
intensity (E/F) and per capita floor space (F/P) are not discussed
in this section.

5.1.1 Analysis of residents’ disposable
income factors

Residents’ disposable income (I) is the major increasing
drivers for all the cites. This is in line with the existing studies
such as Boqiang Lin and Liu (2015) and Li et al. (2023), which get
similar results at national and provincial level. With increasing
incomes, residents demand better working and living conditions,
thus use more energy-intensive household appliances, such as air
purifiers and intelligent appliances, and more heating appliances
for thermal comfort in the winter, which leads to an increase in
carbon emissions (Wang et al., 2021; Hao et al., 2023). Among
city groups, residents’ disposable income plays the least
important role in first-tier city’s URs and PBs, which has the
highest urban residents income. This can be explained by the
previous findings. Shaobin Zhang et al. (2023) reveals that the
increasing living standards reduces the extent to which
disposable income drives household carbon emissions in
urban. Ke and Cai (2023) further reveals that the driving
effect of increased income on household carbon emission

FIGURE 7
The spatial distribution of decoupling state of UR and RR among YRD region cities.
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lessens when income is higher, as more energy-saving and
efficient electrical appliances will be used to pursue a higher
quality of life.

Carbon intensity of income growth (C/I) is the major increasing
drivers for most cities. According to the definition, C/I represents
the carbon emission caused by per unit income under different
income levels of residents. When C/I is negatively correlated with
carbon emission, it means that with the increase in income, there are
fewer and fewer parts used for increasing carbon emission.
Therefore, C/I can be used to reflect the residential willingness to
save carbon emission (Hao et al., 2023). Among city groups, C/I has
greater impact on urban areas than on rural areas, and on first-, new
first-, second tier cities than on third- and fourth-tier cities,
indicating the better carbon reduction awareness in the urban
area and developed areas. Li et al. (2019) revealed that the
subjective factors have significant impacts on household carbon
emissions and found substantial differences across rural/urban areas
and regional in China

5.1.2 Analysis of population factors
Population is a positive driver to the carbon emission for all

cities’ URs, most cities’ PBs while a negative driver for most cities’

RRs. In terms of city group, population (P) has stronger impact on
the new first- and second-tier cities on emission of URs and PBs.
This is close relate to the population migration, not only between
urban and rural areas, but also in developed and undeveloped
areas (Lin and Liu, 2015; Wang et al., 2022; You, 2023). According
to the seventh national population census, cities such as
Hangzhou, Ningbo, Suzhou, Hefei and Nanjing have the
highest population growth rates from 2010 to 2020, indicating
that the population in the YRD region is continuing to concentrate
in the new first- and second-tier economically developed cities,
which has also led to an increase in carbon emissions in
these cities.

Carbon emission per capita (C/P) is a major positive drivers
for the PBs in all cities and for RRs in all cities except Shanghai.
For URs, C/P’s contribution is small and becomes an emission
decreasing factors in one-fourth of the cities in YRD region,
which of most are third-and fourth cities, such as Wuhu and
Chuzhou. This is consistent with previous research. Wu et al.
(2023) reveals that the per capita urban residential carbon
emissions followed a variable trajectory of decrease-increase-
decrease while per capita rural residential carbon emissions
maintained rapid growth, and attributed to transformation of

FIGURE 8
Prediction of building operating carbon emissions of (A) all types, (B) PB, (C) UR and (D) RR in the YRD region under static simulation.
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energy structure and the ability to use energy. Fan et al. (2015)
explained it from the perspective of end-use activities. As a result,
attention should be paid on the carbon emission intensity control
in the rural areas (Yao et al., 2012; Zhao et al., 2021).

5.1.3 Analysis of floor space factors
Floor space has a small contribution on the carbon emissions of

RRs but is an important carbon emissions increasing factors for the
URs and PBs. This is consistent with the findings of Rundong Xu et al.

FIGURE 9
Possible emission (A) peak time and (B) peaking value of building operating carbon emissions in The YRD region under dynamic simulation.

FIGURE 10
The spatial distribution of carbon peak target achievement of (A) PB, (B) UR and (C) RR in 41 cities in YRD region.
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(2024) and (Zhao et al., 2023). In terms of city differences, the impact
of floor space is higher in the URs in new first- and second-tier cities
than in other cities. This is because the rapid development of
urbanisation leads to a large demand for urban housing, and the
financial characteristics of housing further increase people’s
willingness to invest in housing (Li et al., 2023), which is especially
evident in large cities, such as first, new first and second tier cities. For
first-tier cities, due to the strict property purchase restriction policy,
the size of housing is better controlled (Song et al., 2023), resulting the
less important effect of floor space size.

For RRs in most cities, carbon intensity of floor space (C/F) is an
emission increasing factor. This is consistent with the findings of
Huo et al. (2024), which found that the C/F of RRs is increasing in
most of the regions in China and can be attributed to the
improvement of the living standard of rural residents. For PBs in
one-third of the cities and UR in most cities, C/F is carbon reduction
factor, indicating these cities have better building energy efficiency
and emission reduction. This also occurred in other economically
developed regions, for example, Geng et al. (2022) reveals that the
growth rate of C/F has slowed down in Greater Bay Area cities in

FIGURE 11
Building operation carbon peak prediction of (A)PB, (B) UR and (C) RR at the city level. Note: The vertical axis represents the year of the carbon
emission peak, while the horizontal axis represents the per capita disposable income of each city. The size of the bubble denotes the value of the carbon
emission peak.
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China, which is mainly due to the promotion of the application of
building energy efficiency technologies.

5.1.4 Analysis of energy consumption factors
Energy consumption is a positive driver for building carbon

emission in all the cities while carbon emission factor (C/E) is a
negative driver for most cities. The contribution of carbon emission
factors is larger on URs and PBs than that on RRs, which is mainly
due to the high levels of electrification of URs and PBs (Gan et al.,
2022), and the electricity carbon emission factors have been falling
in recent years. For RRs, the contribution of carbon emission factor
is mainly related to the change in building energy structure,
especially for cities in the north of YRD region with heating
demand. As a economically developed region, the YRD region is
one of the first regions to implement coal-to-gas and gas-to-
electricity policies. In addition, the increased incomes provide
additional clean energy consumpn options and reduce the use of
coal and PLG, thus adding the proportion of clean energy in
households (Zhang et al., 2023; Huang et al., 2024).

Although the effect of carbon emission factor is limited by now,
which in line with the findings of Lin et al. (2024) and Zhang et al.
(2024), its potential is large. The YRD are promoting the
optimisation of the energy structure of the power grids.
According to the Chinese Academy of Environmental Planning
(CAEP), the carbon emission factors of the provincial power grids in
Shanghai, Zhejiang, Jiangsu, and Anhui Province will drop by 48.8%,
42.3%, 40.9%, and 21.9%, respectively, by 2035.

5.2 Comparison of the decoupling results
with existing studies

The decoupling results of this paper have both similarities and
differences with previous studies. Due to the differences in the spatial
scale, carbon accounting scope, and building types of the existing studies,
there are differences in the decoupling results. Huo et al. (2021) analysed
the decoupling status of carbon emissions from residential buildings and
per capita income in 30 provinces and found that the decoupling status
was more desirable in the central regions, and the province in the YRG
region have shifted from an expanding decoupling to a weak decoupling
statue. This paper finds that decoupling statues at the city level is less
optimistic than at the provincial level, possibly due to the fact that first-
tier cities have a high share of the province’s carbon emissions and tend
to have a more favourable decoupling statues (Liang et al., 2019), which
leads to an overestimation of decoupling situations in other less
economically developed cities.

Nevertheless, the main conclusions were consistent. Most studies
concluded the regional and urban-rural decoupling difference at the
provincial level (Liang et al., 2019; Zhao et al., 2021; Huo et al., 2024).
This study reveals similar differences at the city level. In YRD region,
this study found the decoupling statues of RRs are better than that of
URs and the causes of the decoupling statues are different (Figure 12).
For URs, the decoupling statues is mainly driven by technical factors,
such as the decline in C/P,C/F and E/F. This is in line with the previous
findings. Based on the CKC theory, Ma, et al. (2019) confirms the
inverted-U-shaped relationship between residential building carbon
emission and income growth, and finds that the inflection point of
C/F and C/P occur earlier than that of the total carbon emission. Liang

et al. (2019) get similar conclusion inmegacites. For RRs in cities such as
Hefei, Huaian and Chuzhou, the decoupling statues is mainly driven by
the non-technical effect, such as the decrease in population and building
floor space, indicating the passive carbon decline in these cities. For RRs
in cities such as Shanghai, Suzhu andHuainan, the decoupling statues is
mainly driven by the technical effect, indicating these cities reach their
carbon peak actively. This is consistent of with Huo et al. (2024)’s
finding at the provincial level, which reveals that RRs in Shanghai are in
a strong decoupling state while Beijing, Shanxi, Heilongjiang and
Qinghai belong to the stage of passive decline caused by serious
population loss.

5.3 Key cities for reducing emissions
identification based on the prediction results

In contrast to previous studies that projected carbon emissions
at the national and provincial levels (Li et al., 2023), this study makes
building carbon emissions prediction at the city level and found that
the carbon peak value and time varied considerably from city to city.
This is supported by Lei et al. (2023)’s study of the Central China in
the building sector and Tian et al. (2022) ’s peak prediction of urban
differentiated carbon emissions in Shandong Province. By
comparing the results of the projections of peak carbon
emissions in cities and the YRD region, it is possible to identify
those cities with late peak times that require particular attention.
URs and PBs, with a high proportion of the total carbon emissions
and late peaking, are the focus of emission reductions. Based on the
city-level carbon emission prediction of PBs and URs, the cities can
be divided into three categories:

(1) Cities which can achieve carbon peak before 2030 in all scenario,
including PBs in Xuzhou, Nantong, and Yangzhou, and URs in
Xuzhou and Nantong. These cities share the common
characteristics of developed economy, high disposable income
and low total carbon emissions. These cities are easy to achieve
the 2030 target if they can persist the current pace to control the
increase of building carbon emission.

(2) Cities which are feasible to achieve carbon peak before 2030.
For cities in this category, peaking before 2030 can be
achieved in one or two scenarios, and the number of these
cites is the largest: 28 cities for PBs and 33 cities for URs. This
indicates that for the majority of cities in the YRD region,
more rigorous energy saving and emission reduction
measures are required.

(3) Cities which are hard to achieve carbon peak before 2030. For
PBs and URs, 10 and 6 cities are identified that may not achieve
carbon peak by 2030 in all scenarios (Figure 10), indicating
these cities require particular attention. Further analysis of
these cities reveals that they are mainly third- and fourth-tier
cities except for Suzhou and Najing of URs. In third- and
fourth-tier cities with less developed economies, formal
environmental regulation is not implemented as effectively
as in the developed cities, which reduces the carbon
reduction effect of environmental regulations (Wang and
Guo, 2024). In addition, the cities in this category are
concentrated in the northern part of the YRD region, where
average winter temperatures are lower, air humidity is higher,
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and the demand for winter heating increases as incomes rise
(Chen et al., 2023), making it difficult to achieve carbon peak.

For RRs, although most cities are able to achieve carbon peak
by 2030, combined with decoupled analyses, it can be seen that a
portion of cities are passively peaking due to population and floor
space shrinkage, and their per capita carbon emissions are still
high. Therefore, with the exception of a few cities such as
Shanghai, Lu’an and Huainan, which are actively peaking,
other cities still need to reduce energy intensity and optimise
energy structure in order to facilitate the reduction of rural
carbon emissions (Zhang and Li, 2022).

6 Conclusion and policy implications

6.1 Main findings

This study calculates carbon emissions at the building
operation stage in the YRD region at the city level and analyses
the driving factors with the GDIM decomposition model.
Furthermore, by utilizing the GDIM-TAPIO method, this study
analyses the decoupling status between carbon emissions from
each building type and the residents’ incomes. Additionally, the
scenario analysis method is applied to forecast peak carbon
emissions at the building operation stage in the YRD region.
The findings are as follows.

• The total carbon emissions at the building operation stage in the
YRD region increased from 142.86Mt CO2 in 2006 to 376.57Mt
CO2 in 2021. The spatiotemporal characteristics of carbon
emissions are “high in the east and low in the west.” GDIM
decomposition reveals that residents’ disposable income (I) and
energy consumption (E) are the main driving factors of carbon
emission increases, and the carbon intensity of income growth (C/

I) and the carbon emission factor (C/E) inhibit the growth of
carbon emissions for all building types. Floor area (F) is an
important driving factor for PBs and URs but has little
impact on RRs.

• In terms of the decoupling relationship between carbon emissions
from the building operation stage and residents’ disposable
income growth, the RRs performed better than did the URs
and PBs. For PBs, the decoupling status in almost all cities was
END. For URs, 6 and 1 out of 41 cities in the YRD region showed
weak and strong decoupling, respectively, in the 13th FYP period.
For the RRs, 4 and 9 cities exhibited weak and strong decoupling,
respectively, in the 13th FYP period.

• The dynamic scenario simulation result shows the building
sector in the YRD region is projected to peak between 2030 and
2035, and the estimated peak value is in the range of
498.18–504.83Mt CO2. For each building type, PBs and URs
are likely to peak between 2031 and 2036 at 266.62–272.88Mt
CO2 and 143.89–147.46Mt CO2, respectively; RRs are most
likely to peak in 2030, at 90.16–92.22 Mt CO2.

• Predictions of carbon emissions from building operations at
the city level show that the key cities for reducing emissions
from PBs and URs are Nanjing, Suzhou and some third- and
fourth-tier cities such as Lu’an, Bozhou. The key cities for
reducing emissions from RRs are eastern and central cities in
the YRD region, such as Ningbo, Suzhou, Suqian
and Changzhou.

6.2 Policy recommendations

To achieve the objective of “dual carbon,” the findings of this
study suggest the following policy recommendations:

(1) Formulating scientific carbon reduction targets and strategies
in the building sector for different cities. For example, for

FIGURE 12
Contribution of different factors for the change in decoupling indicators in different cities. The black circles indicate negative values of the
decoupling factor and the red circles indicate positive ones.
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cities, which are hard to achieve carbon peak before 2030 of
PBs and URs, stricter building energy efficiency regulations is
needed and energy-saving renovations can be implemented to
improve the energy performance of existing buildings (Zhu
et al., 2022). For first-, new first-and second-tier cities, the
total amount of carbon emissions at the building operation
stage is high; and further control of the scale of building floor
space and promoting low-carbon technologies are essential.
For RRs inmost cities, with high per capita carbon emission, it
is important to optimise the structure of building energy use,
such as promoting renewable energy sources and improving
the ratio of electricity (Chen et al., 2024).

(2) Promoting green and low-carbon lifestyles among urban
and rural residents. In YRD regions, carbon emissions
from building operations have not yet been decoupled
from residents’ disposable income. Therefore, it is
important to promote low-carbon concepts among the
residents. This can be achieved by popularising the
knowledge of low-carbon building operation through
news media, online platforms, and other means, and
guiding people towards a green and low-carbon lifestyle.
Furthermore, the advanced digital technology in the YRD
region allows for the development of carbon emission
management platforms to monitor building energy
consumption. This will aid in promoting green and low-
carbon energy usage habits.

(3) Improving the policy system for building conserving energy
and reducing emissions. The carbon emission market
trading system can be beneficial for reducing carbon
emissions and urban-rural disparities (Tang and Li, 2022;
Tang et al., 2023). However, due to the challenges of
emission accounting and the decentralized of building
ownership, only PBs are currently included in the
market. Carbon Inclusion Methodology of Occupancy
Energy Conservation in Residential Building in Heibei
Province was released in 2023 to investigate the potential
of including residential buildings in carbon emissions
trading. For YRD region, a carbon trading system could
be developed in the building sector, taking into account the
differing carbon emission characteristics among PBs,
URs and RRs.

6.3 Limitations and further perspectives

This study has certain limitations. Firstly, zoning adjustments
in some cities in Anhui Province in 2011 and 2015 caused sudden
changes in the building operations carbon emissions, and
economic, social indicators, leading to the inaccurate results in
the related cities of the driving factors and decoupling status.
Secondly, for the carbon emission prediction, the energy intensity
and carbon emission factors were determined based on the rate of
change over the past 10 years. However, the COVID-19 pandemic
has caused significant fluctuations in the energy intensity and
carbon emission factors in 2020 and 2021, which may result in

inaccurate forecast results. Furthermore, this study only examines
the decoupling status of total building operating carbon emissions
from disposable income. Further research could extend this
analysis to encompass the decoupling of per capita carbon
emission, per floor area carbon intensity and disposable
income, as well as the drivers of decoupling statues.
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