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a b s t r a c t

In China, dynamic spatial–temporal evolution and urban–rural gap in carbon emissions of residential
building sector are crucial for understanding the current state, which is faced with great challenges re-
lated to emission mitigation. To overcome the challenge, this study employed the gravity center model
to explore spatial–temporal evolution of carbon emissions and analyzed the driving factories leading
the differences between urban residential buildings and rural residential buildings via decomposition
analysis. Meanwhile, Tapio decoupling index is used to predict the future movement of the gravity
center. Our results indicated that: (i) the carbon emissions gravity center of both residential building
types tends to move south; (ii) the northeast and northwest regions play the largest role in driving the
gravity center movement of urban residential buildings and rural residential buildings, respectively;
(iii) per capita disposable income is the primary factors affecting the gravity center movement. (iv) the
gravity center of both residential building types might tend to move westward in the future. Overall,
this study attempts to remedy the current lack of research pertaining to spatial–temporal evolution
laws governing carbon emissions in the Chinese residential building sector and provides a reference
point for the implementation of targeted urban and rural emission reduction policies.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In 2018, China’s building sector-related carbon emissions
eached 2.1 billion tons, accounting for 21.9% of the national car-
on emissions, of which residential building-related carbon emis-
ions accounted for 63% of the total building carbon emissions
CABEE, 2020). At present, building-related energy consumption
er capita in China is far lower than that in developed coun-
ries (THUBERC, 2020), indicating that energy consumption and
arbon emissions of Chinese residential buildings will continue
o show sustained growth as population increases (Delmastro
t al., 2015)and residential income level rises (Huo et al., 2021b)
n the future. However, many studies have contended that the
esidential building sector, which shows great emission reduction
otential (Ma et al., 2020; Zhou et al., 2018), may reap economic
enefits via the existing emission reduction technologies (Schäu-
le et al., 2020; Yan et al., 2019). Tan et al. (2018) have presented
best emission mitigation scenario in which the Chinese resi-
ential building sector reaches a turning point and achieves peak
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emission before 2030, while McNeil et al. (2016) have argued that
effective building codes may help reduce residential building-
related carbon emissions in China by half. In this scenario, actions
taken by the Chinese residential building sector towards emission
reduction may play a significant role in enabling China to fulfill
its climate goals of carbon peak and neutrality.

At present, the total emissions and intensity associated with
the residential building sector in China have shown a significant
spatial difference under the influence of various factors. Cong
et al. (2015) concluded that the carbon emissions increase more
in regions with lower temperatures under the influence of the
same factors, Huo et al. (2021a) assumed that the development
of urbanization showed a higher promoting effect on the carbon
emissions of urban residential building in the central region than
in the other two region groups, and Li et al. (2021a) proposed
that energy efficiency policy plays a crucial role in the disparities
of per-capita CO2 emissions. Some researchers have proposed
that differences in development may affect the time and intensity
of the emission peak in each region (Chen and Chen, 2019;
Liang et al., 2019). Differences across the urban–rural gradient in
relation to the built environment also exert an effect on policy
making (Halleck Vega et al., 2022). Therefore, an analysis of the
spatial–temporal evolution of building sector-related emissions,
which provides background information useful for achieving spe-
cific regional carbon emission-reduction targets, is needed (Wang
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abbreviations

CEGC Carbon emissions gravity center
CI Carbon intensity per floor space
CV Coefficient of variation
kgce Kilogram of standard coal equivalent
MtCO2 Mega-tons of carbon-dioxide
RRB Rural residential buildings
ST-LMDI Spatial–temporal logarithmic mean Di-

visia index
URB Urban residential buildings

Symbols

C Carbon emissions of residential building
operation

CR Contribution rate to the change of
carbon emissions

E Energy consumption of residential
building operation

EE Economic efficiency of residential
buildings to resident income

EF Carbon emissions factors
EI Energy intensity per unit floor space
ES Energy structure
F Floor spaces of residential building
L Moving distance of the gravity center
MS Marginal contribution to the movement

of the gravity center
P Population
PY Per capita disposable income
S Contribution to the movement of the

gravity center
SR Contribution rate to the movement of

the gravity center
TY Disposable income of residents
X Longitude of carbon emissions gravity

center
x Longitude of capital city
Y Latitude of carbon emissions gravity

center
y Latitude of capital city
ρ Conversion coefficient between the ge-

ographic coordinate system and spatial
projection coordinate system.

ϕ Decouple elasticity coefficient

et al., 2020a). Based on the current situation, we addressed the
following four issues:

• What are the laws governing the spatial–temporal evolution
of residential building carbon emissions in China?

• What differences exiting between the spatial–temporal emis-
sions laws that apply to urban and rural residential build-
ings?

• What factors driving these differences?
• How to formulate specific policies according to evolutionary

trends anticipated in spatial–temporal emissions?

Previous studies have used various methods to investigate the
characteristics pertaining to the spatial–temporal distribution of
10645
building sector-related carbon emissions, with econometric anal-
ysis and index measurement being the most common methods.
Econometric analysis is mainly used to explore the impact of
factors that drive building-related carbon emissions in different
regions. For example, through the STIRPAT model, a flexible and
universal method used to investigate the human impact on the
environment that allows new influencing factors can be added
to the model framework according to the characteristics of each
study (Wu et al., 2021a), Huo et al. (2020) analyzed the cor-
relation between carbon emissions associated with residential
buildings in urban area and development of urbanization in the
central, western, and eastern regions of China. In addition, the
spatial econometric model could test whether carbon emissions
exit spatial dependence and autocorrelation pattern under the
influence of external environment. In detailed, Shi et al. (2020)
concluded that the carbon emissions intensity of URB in China
had a spatial autocorrelation from 2000 to 2016 with different
degrees impact of economics and geographic location. Wen et al.
(2020) extended that there were significant spatial dependence
and clustering characteristics in provincial construction carbon
emissions when considering the technological innovation factors.

On the other hand, because econometric analysis is generally
more suitable for analyzing relationships among factors rather
than quantifying the degree of spatial differences and the causes
of such disparities, many studies have opted to calculate the
inequality index to evaluate the spatial distribution of carbon
emissions. Commonly used relevant indexes include the Gini
index (Zhang and Wang, 2017), Zenga index (Wang et al., 2020a)
and Theil index (Fan et al., 2020). The above index models can
describe the differences of research objects without complex
construction process, but they can only express the degree of
differences through the numerical values, rather than intuitively
show the information in geographical space. Among these, the
Theil index has been used to study the more significant dif-
ferences in building sector-related emissions by decomposing
the differences and dividing regional differences into differences
within the region and the difference between regions (Wang
et al., 2021), either alone or in combination with the decomposi-
tion method from the perspective of emission efficiency (Liu and
Wang, 2019) and building types (Li et al., 2021a).

The gravity center model is an effective analytical method that
is used to explore temporal–spatial distribution characteristics.
This method accurately and concisely describes the distribution
law of elements with a reasonable combination of time and space
(Balsa-Barreiro et al., 2019). With increasing attention being di-
rected at uneven development, this model was quickly introduced
into the field of social economics and is widely applied to the
research related to economy (Fu et al., 2011), energy (Zhang et al.,
2012), land use (Li et al., 2020b) and environment (Ma et al.,
2019; Wang et al., 2020b). To the best of our knowledge, only
a few studies have applied this method to the spatiotemporal
evolution analysis of building sector-related carbon emissions.

In an attempt to resolve the above-mentioned four issues, this
study used the gravity center concept to analyze the laws gov-
erning spatial–temporal changes in residential building sector-
related carbon emissions in China. Next, we used the Shapley
and ST-LMDI decomposition model to further analyze the main
factors driving the movement of gravity centers and determine
possible reasons for the differences observed between urban–
rural building sectors. Finally, the decoupling model was used
to predict the future evolution trend of carbon emissions gravity
center (CEGC) of urban residential buildings (URB) and rural resi-
dential buildings (RRB). The contributions made by this study are
as follows: (1) Identification of the migration of the gravity center
of carbon emissions in the residential building sector; (2) analysis

of factors driving gravity center migration tracks and assessment
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Fig. 1. Research framework of gravity center change analysis.
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f future trends; (3) analysis of the differences between carbon
missions in urban and rural area in China.
The subsequent parts of the study are arranged as follows: Sec-

ion 2 presents the materials and methods, including the deriva-
ion of the main models, definition of the variables, and data
esources. Section 3 discusses the first three issues: Section 3.1
aps the spatial–temporal distribution of residential building
missions in China, Section 3.2 shows the different gravity center
racks of urban and rural residential buildings emissions, Sec-
ion 3.3 analyzes the factors driving gravity center movement
ith the Shapley value and decomposition results. Section 4 tests
he Tapio decoupling status between carbon emissions and key
riving factors, then gives a reasonable prediction of future trend
o answer the last issue, Section 5 delivers result-based con-
lusions and policy recommendations for regional development.
ig. 1 shows the schematic overview of the research framework.

. Materials and methods

.1. The gravity center model

This paper introduces the concept of using the gravity center
odel to analyze the carbon emissions spatial–temporal law
overning the URB and RRB over time in China (issues 1 and 2
s stated in the introduction). The gravity center concept, which
s based on the fulcrum that maintains balance, arises from the
echanical field of physics. The movement of the gravity center

ndicates that the densities of some parts have changed, allowing
he gravity center model to accurately evaluate the characteristics
f spatial change associated with the development of regional
actors (Grether and Mathys, 2010; Harris et al., 2011). In recent
ears, various studies exploring carbon emission reduction have
pplied this model to analyze carbon emissions in various indus-
ries (Li et al., 2020a; Meng et al., 2021). The general method for
alculating the gravity center is shown in Eq. (1).

=

I∑
i=1

Cixi/
I∑

i=1

Ci, Y =

I∑
i=1

Ciyi/
I∑

i=1

Ci (1)

where X and Y , respectively, denote the longitude and latitude
of gravity center. i represents different research units, and I
is the total number of research units, which specifically indi-
cates 30 provincial administrative regions in China (except Hong
Kong, Macao, Taiwan, and Tibet) for this study. C represents
i

10646
total carbon emissions released from the URB and RRB. xi and
i are the longitude and latitude of the gravity center of each
rovince, respectively, and the geometric center coordinates or
epresentative location coordinates are generally selected, which
ncorporate the coordinates of each provincial capital city for
alculation in this study.
The moving distance of the gravity center is an important

easurement index used to analyze the gravity center migration
rajectory, and the formula for its calculation is as follows:

T−t = ρ × [
(
XT

− X t)2
+

(
Y T

− Y t)2
]
1
2 (2)

where( XT , Y T )and(X t , Y t ) represent gravity center coordinates
of carbon emissions in different years, LT−t denotes the moving
distance of the gravity center from year T to year t , and constant
ρ = 111.111 km indicates conversion between the geographic
coordinate system and spatial projection coordinate system.

2.2. Shapley decomposition model

This model was used to determine the factors driving CEGC
movement (issue 3 mentioned in the introduction). The Shapley
value, which comes from cooperative game theory, is used to
solve the distribution issues affecting the cooperative benefits or
costs of participants (Shapley, 1953). Based on the Shapley value,
Shorrocks (1999) constructed a general decomposition process,
termed the Shapley decomposition. This allows all influencing
factors to be included in the determinants of dependent vari-
ables in a nonlinear form and satisfies symmetry and accuracy
(Yu et al., 2014). Using the Shapley decomposition, Han et al.
(2015) analyzed how the household characteristics affect the
household embedded carbon emissions, and Wu et al. (2021b)
explored the impact of trade intensity on the per capita carbon
emissions under the belt and road initiative. Additionally, several
researchers assigned the carbon emissions quotas to the China’s
different regions according to the Shapley value (Li et al., 2021b;
Zhang et al., 2014). As the decomposition of the gravity center is
essentially nonlinear, this study uses the decomposition method
based on the Shapley value to determine the contribution of
different regions to the movement of the CEGC of the residential
building sector.

This method uses the marginal contribution of each region to
the gravity center movement to measure its impact on the center
of gravity migration. Specifically, assuming that the studied area
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is composed of n small regions, that is, N = {1, 2, . . . , j, . . . , n},
he marginal contribution of region j to the movement of the
ravity center can be expressed as follows:

S jX = ∆X(N) − ∆X (N/{j}) ,MS jY = ∆Y (N) − ∆Y (N/{j}) (3)

here ∆X and ∆Y represents the relative movement of the
ravity center in longitude and latitude direction respectively.
t this time, the result does not meet the accuracy of regional
ontribution; that is, the total marginal contribution of each re-
ion is not necessarily equal to the total movement, and the
rrangement order of n regions need to be considered. When
egion j is on the order of m, the arrangement order of all regions

σ = (σ1, σ2, . . . , σm−1, σm = j, . . . , σn), define (m − 1) regions
set in front of j as Prej(σ ) = (σ1, σ2, . . . , σm−1), then under this
rrangement, the marginal contribution of region j is as follows:

S jX (σ ) = ∆X
(
Prej(σ ) ∪ {j}

)
− ∆X

(
Prej(σ )

)
(4)

MS jY (σ ) = ∆Y
(
Prej(σ ) ∪ {j}

)
− ∆Y

(
Prej(σ )

)
(5)

In Eqs. (4) and (5), the sum of the contributions of all regions
under this arrangement is the total movement, which meets the
accuracy requirements. However, when the arrangement order
changes, the contribution of region j also changes, which does
not meet the symmetry. This issue is solved by considering the
average contribution value of region j for all permutation cases,∏

n. Then, the Shapley value of region j to the movement of the
gravity center is as follows:

S jX =
1
n!

∑
∏

n

MS jX (σ )

=
1
n!

∑
∏

n

∆X
(
Prej(σ ) ∪ {j}

)
− ∆X

(
Prej(σ )

)
(6)

S jY =
1
n!

∑
∏

n

MS jY (σ )

=
1
n!

∑
∏

n

∆Y
(
Prej(σ ) ∪ {j}

)
− ∆Y

(
Prej(σ )

)
(7)

The contributions defined by Eqs. (6) and (7) satisfy both
accuracy and symmetry, where S jX , S

j
Y represents the contribution

of region j to the gravity movement of CO2 emissions in the
longitude and latitude directions, respectively. Furthermore, the
index of contribution rate can reflect the degree of the movement
of the gravity center caused by the region j, which can be defined
as follows:

SRj
X = S jX/∆X, SRj

Y = S jY/∆Y (8)

2.3. The spatial–temporal LMDI model

In this section, the spatial–temporal logarithmic mean Di-
visia index (ST-LMDI) decomposition method was used to further
discuss the factors affecting the change in residential building
carbon emissions in each region to address the issue (3). LMDI
is an important method to analyze the driving factor of carbon
emissions (Ang et al., 2016), with features such as no residuals or
residual values, total decomposition, and multiplication decom-
position with addition (Jiang et al., 2020). ST-LMDI is the latest
development of LMDI, which can better overcome the shortcom-
ings of inaccuracy and low efficiency of traditional decomposition
methods in a space–time comparison (Shi et al., 2019). The ST-
LMDI method is more convenient and accurate for comparisons
across time and region.
10647
According to the classical Kaya identity, carbon emissions are
mainly affected by factors such as technology, affluence, and pop-
ulation (Kaya, 1989). According to recent research, more extended
forms of Kaya have been proposed to evaluate the roles of driving
factors for emissions (Li et al., 2022). For this study, the residential
building carbon emissions of region j, Cj, can be expressed as the
following extended Kaya identity model:

Cj =

K∑
k=1

Cjk/Ejk × Ejk/Ej × Ej/Fj × Fj/TYj × TYj/Pj × Pj

=

K∑
k=1

EFjk × ESjk × EIj × EEj × PYj × Pj (9)

where k represents the type of energy consumed by residential
buildings in the operation stage, the direct primary energy of vari-
ous fossil energy sources (coal, oil and natural gas), and secondary
energy (electricity and heating) are considered. In detailed, heat-
ing generation technologies include gas-fired, coal-fired and co-
generation boiler, and electricity generation technologies include
fired boiler and renewable energy (You et al., 2021). EFjk =

Cjk/Ejk, ESjk = Ejk/Ej indicate the carbon emissions factors and
energy structure of the kth energy in region j, respectively; EIj =

Ej/Fj denotes the energy intensity per unit floor space of residen-
tial buildings in region j; EEj = Fj/TYJ represents the economic
efficiency of residential buildings to the resident income in region
j; PY = TYj/Pj refers to the per capita income of region j; and
Pj is the population of region j. All the above indicators take the
corresponding data of urban and rural areas according to the type
of residential building.

In ST-LMDI decomposition, a reference region is constructed
using the arithmetic mean of all variable values of all provinces
and years in the sample, which is recorded as region u, and its
carbon emissions level is Cu.

When t = 0 and t = T , the difference in residential building
carbon emissions between region j and referent region u can be
decomposed into the difference of the above-mentioned six main
factors between region j and reference region u, as follows:

∆Cj0−u = ∆Cj0 − ∆Cu

= ∆EFj0−u + ∆ESj0−u + ∆EIj0−u

+ ∆EEj0−u + ∆PYj0−u + ∆Pj0−u (10)

∆CjT−u = ∆CjT − ∆Cu

= ∆EFjT−u + ∆ESjT−u + ∆EIjT−u

+ ∆EEjT−u + ∆PYjT−u + ∆PjT−u (11)

From t = 0 tot = T , the change of carbon emissions of
regional j can be decomposed into:

∆CjT−j0 = ∆CjT − ∆Cu −
(
∆Cj0 − ∆Cu

)
= ∆CjT−u − ∆Cj0−u

= ∆EFjT−j0 + ∆ESjT−j0 + ∆EIjT−j0

+ ∆EEjT−j0 + ∆PYjT−j0 + ∆PjT−j0 (12)

Thus, during the period from t = 0 to t = T , every parameter
e.g., ∆EF ) on the right side of Eq. (12) can be further expressed
s:

EFjT−j0 =

K∑
k=1

[L
(
Cjk,T , Ck,u

)
ln
EFjk,T
EFk,u

− L
(
Cjk,0, Ck,u

)
ln
EFjk,0
EFk,u

] (13)

here:(
Cjk,T , Ck,u

)
=

Cjk,T − Ck,u (14)

lnCjk,T − lnCk,u
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(
Cjk,0, Ck,u

)
=

Cjk,T − Ck,u

lnCjk,T − lnCk,u
(15)

Similarly, the contribution rate of every factor (e.g., ∆EF ) to
he change of carbon emissions during the period from t =

to t = T can be expressed as follows:

Rj
EF = ∆EFjT−j0/∆CjT−j0 (16)

.4. Data source and processing

The data in this paper cover 30 provinces in China (except
ong Kong, Macao, Taiwan, and Tibet) from 2005 to 2018, wherein
he entire country is divided into eight comprehensive economic
ones (Zhang et al., 2021). The scope of each region is shown in
ig. 2.
Based on the method proposed by the China building energy

onsumption calculation method (CBECM) (Huo et al., 2018), the
mount of each type of energy consumed in the building sector,
ncluding primary energy (coal, oil, natural gas) and secondary
nergy (electricity, heating), is obtained by splitting the China’s
nergy balance sheet. The emission factors for electricity and
eating are also calculated through the splitting of the energy bal-
nce sheet (You et al., 2021). The final carbon emission is the sum
f the product of various energy consumption and corresponding
mission factors. The floor space data, which was obtained from
he study of Huo et al. (2019), is estimated by using building stock
urnover model. Coordinates of the provincial capital city were
xtracted using a Baidu map. Relevant income and population
ata were obtained from the China Statistical Yearbook (NBS,
019). The income data, specifically, are based on the year 2005
s constant prices, and the resident population at the end of the
ear in urban and rural areas of each region is considered as

opulation data.

10648
. Results

.1. Analysis of the distribution of residential building-related car-
on emissions in China

Changes in the trends of carbon emissions and the correspond-
ng intensity per floor space (CI) of URB and RRB from 2005 to
018 are shown in Fig. 3. The results show that carbon emissions
f URB come from the consumption of primary energy, electricity
eneration, and central heating, whereas the carbon emissions
f RRB do not include central heating. Both emissions of two
ypes residential buildings maintained continuous growth during
he study period mainly due to the increase in electricity con-
umption. Furthermore, the primary energy consumption of URB
ecreased significantly from 2013, but that of RRB did not present
ignificant change and was always higher than URB, implying that
he energy consumption structure and technology of RRB still
eed further improvement.
Compared with the total emissions, the CI showed a change

n trends. More specifically, the CI of URB, which reached a max-
mum of 23.03 kgce/m2 in 2012, began to gradually decline and
eached 15.74 kgce/m2 in 2018 (lower than the 21.10 kgce/m2

een in 2005), showing an obvious ‘‘Inverted U’’ distribution.
owever, the CI of RRB increased from 12.62 kgce/m2 in 2005
o 18.35 kgce/m2 in 2017. Although the growth rate slowed
own after 2012 and showed a downward trend in 2018, it was
till higher than the intensity value in most years. These results
ndicated, to some extent, that the initiation of energy-saving
ransformations in new buildings and existing buildings, which
as vigorously promoted during the 12th Five Year Plan period,
as vastly improved the energy efficiency of URB (Huo et al.,
020), while the CI in rural areas continues to increase.
Differences between the average levels and spatial distribution

atterns of residential building-related carbon emissions in China
rom 2005 to 2018 are shown in Fig. 4. The yearly average carbon
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Fig. 3. Historical tendency of carbon emissions and intensity per floor space (CI) of URB (a) and RRB (b) in 2005–2018.
Fig. 4. Spatial distribution characteristics of carbon emissions from URB and RRB. (a) represents the mean value and coefficient of variation (CV) of carbon emissions
rom URB and RRB during 2005–2018. (b - c) represent the carbon emissions spatial distribution of URB and RRB, respectively, in 2018.
missions of URB were higher than those of RRB, while the
oefficient of variation (CV) of the URBs was lower than that of
RBs, indicating that the unbalanced regional development char-
cteristics of RRB-related carbon emissions were more obvious
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(Fig. 4a). The respective 2018 carbon emissions from the URB and
RRB in each province are shown in Figs. 4b and 3c. Firstly, with
regards to the spatial distribution of the URB, the province with
the highest emissions was Guangdong Province (46.21 Mt CO )
2
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Fig. 5. CEGC migration tracks of residential building sector in China from 2005–2018.
while that with the lowest emissions was Qinghai (3.31 Mt CO2),
ith emission levels in the eastern region being higher than those

n the western region. Secondly, for RRB, the province with the
ighest emissions was Hebei Province (47.80 Mt CO2), while that
ith the lowest emissions was Hainan (1.62 Mt CO2), with the
rovinces with higher levels of emissions being concentrated in
he eastern region.

.2. Gravity center movement

The movement of the CEGC of URB and RRB in China from
005 to 2018 is shown in Fig. 5. The gravity center represents the
quilibrium between the weight of each particle (Sun et al., 2022),
ccording to direction and distance of the gravity center move-
ent, the temporal and spatial characteristics of carbon emission
hanges in different regions can be investigated easily. Notably,
he gravity center tracks of both were located in Henan and
eviated from the geometric center of China (located in Gansu
rovince), implying that the carbon emissions from residential
uildings in the eastern region were higher than those in the
estern region.
The CEGC of the URB and RRB show significant differences in

oth location and the direction of migration. Firstly, in terms of
he distribution range of coordinates, the coordinates of CEGC
f the URB each year are located to the northeast of the RRB,
hich is related to the high level of urbanization in the eastern
nd northeastern regions. Secondly, in regard to the direction
f gravity center migration, the emission gravity center of the
RB changed markedly in the latitude direction and basically
10650
maintained a trend of rapid southward movement from 2005 to
2018, with a total of 1.1◦ offset, while in the longitude direction,
it fluctuated slightly and moved 0.18◦ to the west, with the
overall distance gravity center moving 286.63 km. By contrast,
the emission gravity center change in RRB was mainly reflected
in the longitude direction, which moved eastward by 0.67◦ and
southward by 0.23◦ from 2005 to 2018, and the overall distance
migrated was 322.91 km, indicating that the average moving
speed of the CEGC of RRB was faster than that of URB.

Consistency in the migration of the two gravity center tracks
to the south proves that China’s development gravity center
moves south as a whole, which is in agreement with the con-
clusions reached by current research studies exploring the socio-
economic gravity center (Liang et al., 2021). The sharp conversion
in the CEGC of RRB in the longitudinal direction indicated the
presence of an obvious spatial imbalance and time asynchrony
in development between rural areas in the eastern and western
regions of China.

3.3. Analysis of the factors driving gravity center migration

Since the CEGC migration of RRB showed obvious reverse mi-
gration characteristics after 2013, this study analyzed the causes
of gravity center migration during three time periods: 2005–
2010; 2010–2013; and 2013–2018. In order to further judge the
comprehensive contribution of each region to the CEGC, this pa-
per unifies the migration direction and amount of gravity center
into the same coordinate (Fig. 6) to make comparison from the
geographical location and migration direction of each region, the
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Fig. 6. Regional contribution of CEGC migration of URB and RRB in different periods.
egion which makes a positive contribution was defined as the
‘engine region’’ (Song and Zhang, 2019). Then Fig. 7 shows the
esults of ST-LMDI decomposition and explains the contribution
f every driving factor to the change of carbon emissions in each
egion.

First stage (2005–2010): During this stage, the southwest
cted as the main engine region for the migration of the CEGC of
RB (Fig. 6a). This was due to the fact that the southwest showed
he largest increase in carbon emissions during this period, with
growth rate of 44%. Except for EE, all other factors promoted

he growth of URB-related emission in the southwest region,
here EI , PYand P were the main contributing factors (Fig. 7a).
urthermore, except for the northeast and northwest regions, the
orce direction of other regions on the emission gravity center
f URB was consistent with the relative direction of geographical
10651
locations during this stage, indicating that during the 11th Five-
Year Plan period, the urbanization levels of most regions in
China were in a stage of rapid development, and that the overall
URB-related carbon emissions were growing rapidly.

During this stage, the CEGC of RRB migrated to the northeast,
the southwest and northwest being the main engine regions for
latitude and longitude-related movements, respectively (Fig. 6b).
This is because RRB-related carbon emissions in the southwest
and northwest regions decreased by 11.69% and 13.20%, respec-
tively, while those of the remaining regions displayed an increas-
ing trend. EE and EI were the main factors causing a reduction in
RRB-related carbon emissions in the northwest during this stage,
with P and EE being the main driving factors for same in the
southwest (Fig. 7b). Compared with that in other regions, the
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Fig. 7. Decomposition results of carbon emission change drivers of URB and RRB in different regions.
above-mentioned two factors exerted the strongest negative ef-
fect on RRB-related carbon emissions in the southwest, implying
that the rural population and floor space of residential buildings
in the southwest decreased the most during this stage, which may
account for increased population attraction for the southwestern
urban areas.

Second stage (2010–2013): During this stage, the main engine
region driving the migration of CEGCs of both URB and RRB was
middle Yellow River (Fig. 6c, d). This was due to a significant de-
cline in residential building-related carbon emissions. Compared
with those in 2010, the URB-related carbon emissions in this
region decreased by 365.13 Mt CO2 in 2013, this being the only
region where URB-related carbon emissions decreased during this
stage. The decline in EI and optimization of ES were the main
factors driving the reduction in URB-related emissions in this
region (Fig. 7c), which is likely attributed to the effectiveness of
the issue in prompting the retrofitting of the existing residential
buildings in China’s northern heating region during the 11th Five
Year Plan.
10652
RRB-related carbon emissions of the middle Yellow River de-
creased by 325.91 Mt CO2 during this stage, with this region
being the one showing the largest reduction; a loss in rural
population and a slowdown of EE were the main factors that
were suggested as being responsible for the negative emissions.
Meanwhile, EI and ES also inhibited the increase in RRB-related
emissions to a certain extent (Fig. 7d). Furthermore, with respect
to the eastward migration of the gravity center during this stage,
the changes in RRB-related emissions in the other seven regions,
except for the weak reaction force in the southern coast region,
promoted eastward movement of the gravity center, indicating
that after entering the 12th Five Year Plan development pe-
riod, the speed of rural development in the eastern region was
significantly higher than that in the western region.

Third stage (2013–2018): During this stage, the northeast
acted as the main engine region driving the migration of the CEGC
of the URB towards the southwest (Fig. 6e). This was because
the northeast had become the only region where URB-related
emissions decreased by 8%, the reduction in EI being the main
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actor causing the decline in URB-related emissions in the north-
ast during this period (Fig. 7e). In addition, due to a slowdown
n the average annual growth rate of URB-related emissions in
ach region during this period, the effect of the remaining seven
egions on the center of gravity was weakened compared with
hose in the first two stages, indicating that the growth trend
hown by URB-related carbon emissions had slowed down during
his period.

During this period, the CEGC of the RRB moved towards the
outhwest. The northeast and northwest regions acted as the
ain engine regions causing a latitude- and longitude-based
hange in the gravity center, respectively (Fig. 6f). This change
as attributed to the fact that the northwest region showed
he largest growth rate in URB-related emissions, compared with
hose of other regions, which reached 51.40%, as well as that
f the URB of the northeast region, which only increased by
4.91 Mt CO2., with the weakest growth rate being 4%. EI and
Y were the main factors promoting the growth of RRB-related
mission in the northwest region, and compared with that in
ther regions, EE exerted the weakest inhibition effect on RRB-

related carbon emission in the northwest region (Fig. 7f), which
indicated that the level of rural development in the northwest
had begun to accelerate. By contrast, rural economic development
in the northeast region was relatively slow. Compared with that
in other stages, the average annual growth rate of PY in the
ortheast region was reduced to 5%, while the average growth
ate of PY in China during this period was 10.07%. Therefore, the
eakening of PY effect likely played an important role in slowing
own RRB-related emission growth in the northeast region.

. Discussion

.1. What causes the difference in the migration of CEGC between
RB and RRB?

To further explore the mechanism underlying the difference
n CEGC migration between URB and RRB, we determined the
ominant reason by calculating the sum of the absolute con-
ribution rates for all periods of each region and driving factor
espectively (Fig. 8). The absolute contribution rates of regions
|SRX + SRY |) indicated that each region makes a relatively uni-
orm contribution to the movement of the CEGC of URB, with
he northeast region being the one that contributes the greatest
orce (Fig. 8a). By contrast, the contribution of each region to
EGC track movement of the RRB exhibited a sharp difference
Fig. 8b), with the northwest playing a leading role, which in-
icated that the change of carbon emissions in RRB has a more
istinctive function of strong spatial heterogeneity as well as
patial distribution compared with URB.
According to the absolute contribution rate of factors (|CR|),

Y and EE are the factors that play an important role in causing
a change in the CEGC of URB and RRB in three periods, indicating
that the floor space and economic level show the highest level of
correlation with the movement of the CEGC. Specifically, the pop-
ulation effect in the northeast, the main engine region that drives
the CEGC of URB southward, was obviously weaker than that in
other regions (Fig. 8a). According to statistics, the population in
the northeast decreased by 1.2% compared with that in 2010,
implying that weakening population attractiveness is occurring in
the northeast (Jin et al., 2022), which might play a major role in
the reduction in URB. By contrast, the effect of EI on RRB-related
mission in the northwest changed from inhibition to promotion
nd the absolute contribution rate was highest among all regions
Fig. 8b). Thus, the shapely effect transformation of EI appears to
e the critical reason behind the large emission change in RRB in
he northwest.
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4.2. What is the migration trend of the two gravity center tracks in
the future?

The Tapio decoupling model applied in this study aimed to de-
termine the future movement trends of the CEGC (issue 4 stated
in the introduction). The income of residents is the primary factor
affecting the change in residential building carbon emissions in
each region. The decoupling model can accurately judge whether
there is a coupling relationship between economic growth and
carbon emissions and the strength of the coupling state, which
is helpful for evaluating the future development trend of carbon
emissions in various regions (Wenbo and Yan, 2018). Therefore,
this study adopted a more flexible and stable Tapio decoupling
model (Chen et al., 2018) to calculate decoupling elasticity be-
tween carbon emissions of two types of residential buildings and
the per capita income of residents in each region. The calculation
model is as follows:

ϕ =
∆C/C0

∆PY/PY0
=

(CT − C0) /C0

(PYT − PY0) /PY0
(17)

here ϕ indicates the elasticity coefficient, C0, CT represent the
arbon emissions in the base and final periods, respectively, and
Y0, PYT represent the per capita income of residents in the
orresponding period, and the final results are shown in Fig. 9.
According to the value of ϕ, the decoupling state can be

ivided into three categories: decoupling, negative coupling, and
oupling. Each category contains different substates (Fig. 9a).
mong these, strong decoupling represents the most ideal state,
ndicating that income growth of residents will no longer be
t the cost of increasing carbon emissions, and strong negative
ecoupling represents the worst result (Wenbo and Yan, 2018).
The decoupling status of the URB and RRB in various regions

uring different periods is shown in Fig. 9b. Evidently, most
egions were in a weak decoupling state from 2005 to 2010,
ith only a few rural areas, such as the northwest and south-
est regions, showing strong decoupling levels, which gradually
hanged to weak decoupling or expansive coupling with regional
evelopment. During the period from 2010 to 2013, the difference
n the decoupling levels among regions became larger, and the
umber of regions showing expansive coupling and strong de-
oupling levels increased. Finally, the decoupling states of most
egions reached weak decoupling levels after 2013. The overall
esults indicated that the association between carbon emissions
rom residential buildings and the income of residents in China
as not reached the ideal decoupling state, which is consistent
ith the conclusions of existing research studies at the provincial

evel (Huo et al., 2019; Liang et al., 2019).
With respect to URB, all regions, except the northeast, had

eached a weak decoupling state following fluctuations with a
mall gap, implying that, as the income of residents reaches
igher levels in the future, the increase in the range of URB in
ost regions would drop, and that both the speed and direction of
ovement will not change significantly. The association between
arbon emissions and PY has reached a strong decoupling state
nder the dilemma of recession and imbalance that many cities
n the northeast are facing, and the emission growth trend of
RB in this region will probably continue to decline. Therefore,
s the income levels of urban residents improve, the CEGC of URB
ill likely continue to move slowly towards the southwest under
he promotion of the northeast and the relatively balanced forces
rom other regions.

With respect to RRB, the decoupling status in the more de-
eloped rural areas, such as the southeast coast and the middle
angtze River, was basically consistent with that of URB, while
hat in rural areas with large rural populations or large pro-
ortions, such as the northern coast, the middle Yellow River,
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Fig. 8. Absolute contribution rate of regions and driving factors for CEGC movement of URB (a) and RRB (b).
Fig. 9. Decoupling states (a) and results (b) of carbon emissions and PY .
nd the northwest, was obviously out of sync with the URB.
pecifically, due to the low level of urbanization in northwestern
hina, the state of decoupling between carbon emissions and RRB
as lagged behind. Since the implementation of China’s Western
evelopment Policy in 2000, the economy of the western area has
ndergone steady and rapid development. After 2012, the average
nnual growth rate of gross domestic product in the western area
eached 8.9%, a value higher than that of the national average
rowth rate, the above situation has driven the development of
ural areas in the northwestern region. Thus, the decoupling state
f RRB-related emissions in the northwest changes from a strong
ecoupling state to an expansive coupling state, while that of
ther regions remains as a weak decoupling or strong decoupling
tate. Therefore, in the next period, the CEGC of the RRB will
10654
mainly be driven by the northwest and maintain its trend of
moving westward, with an even larger probability of moving to
the northwest.

5. Conclusions and future research directions

5.1. Main conclusions

This study explored the spatial evolution law governing differ-
ent types of residential buildings using the gravity center model
and quantified the factors driving the migration of gravity centers,
in combination with the two kinds of decomposition models.
Furthermore, we analyzed the decoupling state of carbon emis-
sions and PY and forecasted future development trends. The main
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esolutions to the four issues raised by this study are as follows:
1) The CEGC track of residential buildings shows a southward
rend. The overall CEGC of the URB moves to the southwest,
hile the emission gravity center of the RRB moves first to the
outheast and then to the southwest, with an average moving
peed that is higher than that of the URB. (2) Differences were
vident between the main engine regions affecting the movement
f the carbon emission gravity center of the URB and RRB in each
tage. The southwest, middle Yellow River, and northeast became
he main engine regions driving CEGC movement of URB at each
tage; the southwest and northwest, the middle Yellow River,
ortheast, and northwest were the regions, or combinations of
egions, that exerted a great effect on the CEGC shift in RRB at
ach stage, while the northeast and northwest regions acted as
he largest driving factors in the CEGC movement of the URB
nd RRB, respectively. (3) PY , EI , and EE are the main drivers of

the CEGC movement in residential buildings. These three factors
played an important role in changing residential area-related
carbon emissions. PY exerted a positive effect on the growth of
carbon emissions, while EE exerted a negative effect. EI inhibited
the growth of URB-related carbon emission but promoted that of
RRB-related emissions. (4) Under the influence of PY , the CEGC
of both URB and RRB showed the trend of moving westward. As
PY increases, the emission gravity center of the URB continues
to move to the southwest, while that of the RRB moves to the
northwest.

Expectedly, the conclusions of this study may not only help
better understand the differences between the spatial distribution
of carbon emissions of different types of residential buildings but
may also reflect the current situation of urban and rural regional
development in China. The main policy impacts are as follows:
(1) Attention should be paid to building energy conservation in
rural areas. Compared with that of URB, the EI of RRB did not
show an obvious inflection point, and its coupling level with
PY was relatively high. With the westward movement of the
CEGC of RRB, carbon emissions will have a greater impact on
the environment of the western region. Therefore, the govern-
ment should formulate policies for energy-saving construction
and transformation that are able to adapt to the complex energy
consumption patterns in rural areas, and thereby help reduce
emission peak values of RRB, balance economic growth and en-
hance ecological sustainability in rural areas. (2) In the process
of promoting the decoupling of carbon emissions and PY , the
government should adjust policy priorities according to the de-
velopment status of different regions. The southern provinces
with demographic and economic attractiveness can continue to
implement higher energy-saving standards. Northeast provinces
need reasonable talent incentive policies to stimulate economic
vitality and ensure reasonable mitigation of carbon emissions
under the premise of steady economic growth.

5.2. Future research directions

Several limitations that beset this study may need to be ad-
dressed by future research studies attempting to obtain a com-
prehensive understanding of the spatial–temporal evolution law
governing carbon emissions in buildings. Firstly, building type
analysis needs to be extended. Although this study explored the
spatial–temporal evolution law governing the residential building
sector in China, the specific spatial–temporal characteristics of
the public building sector in China, which is associated with even
higher emission levels, is also worthy of evaluation via the meth-
ods applied in this study. Secondly, the dimensions of influencing
factors need to be extended. Because this study explored the
spatial–temporal evolution law governing the residential building
sector in China, which is more closely related to resident live, thus
10655
some social factors are also worthy of evaluation via the methods
applied in this study. Finally, the divisive criteria of regions that
contribute to the spatial–temporal evolution of emission may
be changed according to specific policy purposes. In addition to
the economic zones assessed in this study, the zone related to
the climate (e.g., building climate zones) should also be taken
into consideration; furthermore, the contributions of different
counties to the spatial–temporal evolution of carbon emissions
should also be taken into consideration when conducting analyses
at the global level.
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