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In the context of the increasingly severe global carbon emission crisis, smoothly
reducing emissions without affecting economic development and the
continuous improvement of people's living standards has become an
important problem facing China, the country with the largest carbon
emissions in the world. From the perspective of intensive land use (ILU), this
paper uses standard deviational ellipse, decoupling theory, and a logarithmic
mean Divisia index (LMDI) model to analyze the level of ILU and carbon
emissions in 30 provinces, municipalities, and autonomous regions in China
and explores ways to reduce emissions. The results show that: 1) The level of ILU
in China’s 30 provinces (municipalities and autonomous regions) has shown
steady progress and the overall carbon emissions from land use have shown a
slow growth trend, but the carbon emissions of some provinces have shown a
downward trend; 2) The ILU and the carbon emissions standard deviational
ellipse have good spatial consistency, both of which have a north by east to
south by west distribution pattern. The center of the carbon emission standard
deviational ellipse moves to the northwest as a whole; 3) 63.33% of provinces
are in the ideal decoupling stage of ILU and carbon emissions; 4) According to
their contribution value, the influencing factors of China’s carbon emissions are,
in descending order, energy intensity, economic scale, population scale, land
use structure, energy carbon emission intensity, and land scale. Important
directions for future efforts include actively adjusting the industrial structure
and economic development mode, increasing the proportion of clean energy
and energy utilization rate, controlling the speed of construction and land
expansion, and promoting low-carbon emissions.
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1 Introduction

Since the Industrial Revolution in the 18th century, science
and technology have developed by leaps and bounds, the global
economic aggregate has been continuously improved, and the
living standards of human beings have been rapidly improved,
followed by the consumption of a large amount of fossil energy
(Abram et al., 2016). The massive combustion of fossil fuels such
as coal and oil has led to the rising concentration of carbon
dioxide and other greenhouse gases in the atmosphere. Human
beings are facing the threat of global warming, the effects of
which include the rise in sea levels (Raper and Braithwaite, 2006),
the deterioration of ecosystems (Cai et al., 2017), impacts on
agricultural production (Chauhan et al., 2014), and the reduction
of freshwater resources (Cooper and Sehlke, 2012).

Since Svante Arrhenius first proposed that carbon emissions
may lead to global warming in 1898 (Anderson et al., 2016),
governments around the world have taken a series of measures to
deal with this problem: the establishment of the IPCC (Agrawala,
1998); the signing of a series of documents such as the Kyoto
Protocol (Barrett, 1998), Copenhagen Agreement (Ramanathan
and Xu, 2010) and the Paris Agreement (Dimitrov, 2016); and
the establishment of a carbon emissions trading market in some
countries (Jiang et al., 2014).

Related research has been conducted on carbon emissions
from different perspectives in academia. In terms of research
scale, it covers national (Bae Choi et al., 2013), provincial (Wang
et al,, 2011), municipal (Wang et al., 2020), and district and
county (Lun et al., 2014). The research content includes a carbon
emission accounting system (Veténé Mozner, 2013; Sun et al,,
2017; Tranberg et al., 2019), the influencing factors of carbon
emissions (Wang and Yang, 2016; Lin and Benjamin, 2017;
Wang et al., 2018), and the spatial-temporal pattern of carbon
emissions (Gregg et al., 2009; Shi et al., 2019). Research methods
mainly include the life cycle assessment method (Li et al., 2020),
the carbon emission coefficient method (Kulshreshtha, 2000;
Wang et al, 2017), the material balance method (Guo and
Dai, 2017; Zhang et al., 2021), LMDI (Zhao et al., 2010; Fan
etal., 2014), and the scenario analysis method (Jiang et al., 2018;
Su and Lee, 2020). The results of the above research provide an
important reference for future research on carbon emissions.

According to IPCC statistics, the carbon emissions caused by
the change in land use from 1850 to 1998 are second only to the
carbon emissions from fossil fuel combustion and account for
approximately 1/3 of the carbon emissions from human
activities. Chinese President Xi Jinping has promised that
China would peak its carbon dioxide emissions by 2030 and
become carbon neutral by 2060 (Yang et al., 2021). Therefore, it is
crucial to increase research on land use change, one of the highest
sources of carbon emissions. Researchers have conducted a series
of studies on carbon emissions from land use and achieved
fruitful results. R.A Houghton (Houghton and Hackler, 2006),
Yu, Z. (Yuetal,, 2019), A. Arneth (Arneth et al., 2017), and Leite
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Christiane Cavalcante (Leite et al., 2012) discussed the direct
impact of land use changes on carbon emissions. L.R Hutyra
(Hutyra et al., 2011) estimated the impacts of urban expansion
and land cover change on terrestrial carbon stocks. Zhang Mei
(Zhang et al., 2015) studied the impact of land use changes on
carbon sources/sinks in China from 1980 to 2010. Zhang
Pengyan (Zhang et al, 2018) analyzed China’s provincial
carbon emission efficiency based on the DEA model and
demonstrated that the carbon source and carbon sink
generated by land use in China showed an upward trend year
by year and the difference was increasing. Chen Jing (Chen,
2015) used the Taihang mountains as a case study and forecasted
land-use carbon emissions in different scenes. Zhou Jingru (Zhou
et al, 2017) studied the evolution characteristics of the
relationship between ILU and carbon emissions in the
Guanzhong Plain Urban agglomeration. Yuan Kaihua (Yuan
et al, 2017) analyzed the intensive use of land in construction
in China from the perspective of carbon emission efficiency. Yu
Ziqi (Yu et al., 2022) used the modified gravity model to analyze
the spatial correlation characteristics and spillover effects of land
use carbon emissions in the Yangtze River Delta region. The
results show that land use carbon emissions have clear spatial
correlation and spillover effects. Ke Yuhan (Ke et al, 2022)
conducted research on the changes in carbon emissions
caused by land use changes in Shenzhen from 2000 to 2015.
The study found that the total carbon emissions in Shenzhen
showed a change of rising and then falling, and the inflection
point was 2010. Zhu Linye (Zhu et al., 2022) conducted a study
on the relationship between land cover changes and carbon
emissions in the Shandong Province from 2000 to 2020. The
study found that vegetation carbon storage was decreasing, and
industrial energy consumption accounted for the largest
proportion of energy production. Lin Qiaowen (Lin et al,
2021) calculated the carbon emissions of land use and the rate
of carbon emissions in China from 2006 to 2016. Sun Yixuan
(Sun et al, 2020) studied the relationship between intensive
urban industrial land use and carbon emissions efficiency.
Although many studies have been carried out on the
relationship between land use changes and carbon emissions,
there are still relatively few studies on the relationship between
ILU and carbon emissions. In view of the important role of land
use in carbon emissions, strengthening the mechanism research
on the relationship between land use, especially ILU and carbon
emissions, has important theoretical and practical significance
for alleviating the pressure of carbon emissions and addressing
climate change.

Based on land use data and socio-economic data from
2008 to 2017, this paper analyzes the spatial-temporal
evolution patterns of intensive land use and carbon emissions
and the influencing factors of carbon emissions by using a
standard deviational ellipse, decoupling theory, and LMDI
model. These can provide a reference for improving intensive
land use and optimizing low-carbon land use.
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FIGURE 1
Location of the study area and regional classification.

2 Materials and methods

2.1 Study area

China is situated in the east of Asia and on the west coast of
the Pacific Ocean. China has 34 provincial-level administrative
regions (including 23 provinces, five autonomous regions, four
municipalities directly under the Central Government, and two
special administrative regions). Referring to previous research
and division methods, this paper divides China into three
regions: eastern, western, and central. The eastern region
includes Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang,
Fujian, Guangdong, Hainan, Shandong, and Liaoning
provinces (municipalities). Shanxi, Henan, Hubei, Hunan,
Anhui, Jiangxi, Jilin, and Heilongjiang provinces constitute
the central region. Inner Mongolia, Guangxi Chonggqing,
Guizhou, Qinghai,

and

Sichuan, Shaanxi, Gansu,

Ningxia,

Yunnan,
and Xinjiang provinces (municipalities
autonomous regions) make up the western region. Due to
lack of data, other regions of China were beyond the scope
of this study (Figure 1). China is the second largest economy in
the world. In 2021, the annual GDP was 114367 billion yuan, an

increase of 8.1% over the previous year. The urbanization rate
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was 64.72%, an increase of 0.83 percentage points over the end
of 2020.

2.2 Data

Coal, coke, gasoline, kerosene, diesel, fuel oil, natural gas, and
electricity consumption data came from the “China Energy
Statistical Yearbook”. The land area of each resource and the
economic data were obtained from the land use status data of the
corresponding years in the Statistical Yearbook of China’s Urban
and Rural Construction, the Statistical Year-book of China’s
Environment, the Statistical Yearbook of China’s Cities, the
Statistical ~ Yearbook
autonomous regions), the economic bulletin, and research

of provinces (municipalities and
documents. The report from the 17th National Congress of
China in 2007 proposed the “construction of ecological
civilization” for the first time and referred to the prominence
of the development strategy in realizing industrialization and
modernization. This strategy pointed out the direction for the
of China’s industrial the
transformation of the mode of growth and consumption in
the future. From 2018 to 2021, China was conducting a third

adjustment structure  and
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TABLE 1 Indicator system for intensive land use.

Target layer  Criteria layer

Intensive land use
Level

Land use degree

Land input level

Land output benefit

kilometer of land
GDP per capita
GDP per land

Output value of secondary and tertiary industries per
square kilometer of land

Green coverage rate of built-up area

Per capita green area

10.3389/fenvs.2022.941177

Index layer Number Weight Properties
Population density X1 0.09250  +
Urbanization rate X2 0.05675  +
Per capita construction land area X3 0.06455
Fixed asset investment per square X4 0.06400  +
kilometer of land
Financial expenditure of unit land X5 0.10980  +
Financial revenue of unit land X6 0.12085  +
Total retail sales of consumer goods per
square
X7 0.06950 +
X8 0.05860 +
X9 0.06925 +
X10 0.07235 +
X11 0.05475 +
X12 0.08090 +
X13 0.08615 +

per capita road area

national land resource survey, and the land use structure data of
each province had not been updated. In order to ensure
consistency between the socio-economic data and land use
data, the research period was set as 2008-2017, including four
time points: 2008, 2011, 2014, and 2017.

2.3 Construction of the evaluation index
system

Based on the existing research results (Qiao et al., 2017; Shao
et al., 2020) and combined with the actual situation in the
provinces (municipalities and autonomous regions) and the
availability of data, the intensive land use evaluation system
(Table 1) was constructed. It contains 13 indicators in three
criteria levels, including land use degree, land input level, and
land output benefit. The weight of each index is determined by
the critical method combined with the coefficient of variation
method.

Combined with the characteristics of the indicators, the
multi-factor comprehensive evaluation method was used to
determine the degree of ILU. The formula is as follows:

Vi= YW;X;(j=1,23"m)

i=1

o

In the formula, V;is the ILU in the year, W represents
indicator weight, X;;represents the intensive land value of the i
evaluation index in the j object.

Land use carbon emissions refer to carbon emissions due to
land use change/land cover change. The carbon emissions
discussed in this paper are net carbon emissions (carbon
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sources minus carbon sinks). Carbon sources are mainly
construction land and cultivated land. Carbon sinks are
gardens, woodlands, grasslands, and wetlands. The carbon
sources/carbon sinks from cultivated land, garden land,
woodland, grassland, and wetlands are calculated by a land area
and carbon emissions co-efficient (Fang et al., 2007; Yu, 2013;
Zhou et al., 2017; Wen, 2018) (Table 2). The carbon emissions
from construction land are indirectly measured by the various
types of energy consumed in each region. In this study, the energy
consumption calculated includes coal, coke, gasoline, kerosene,
diesel, fuel oil, natural gas, and electricity. The standard coal
coefficient is taken from China Energy Statistical Yearbook
(Table 3). The carbon emission coefficient is taken from
2006 IPCC guidelines for national greenhouse gas inventories.
The calculation formula is as follows:

Cis the total carbon emissions from land use, S;represents the
land area, §; is the carbon emission coefficient of the land,
ejrepresents the consumption of energy, f; is the standard
coal coefficient, and 6jrepresents the carbon emission
coefficient of energy.

2.4 Standard deviational ellipses

Since the standard deviational ellipse was first proposed by
Lefever, it has been widely used in the study of the spatial
relationship of geographical elements. The size of the ellipse
reflects the concentration degree of the overall elements of the
spatial pattern, and the declivity angle (long axis) reflects the
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TABLE 2 Carbon emission coefficient of different types of land use (t/hm?y).

Land use Cultivated land Gardens
pattern
Coefficient 0.422 —-0.398

TABLE 3 Carbon emission coefficient of energy sources.

Types Coal' Coke' Crude Gasoline'
ill
o
Standard coal 0.7143 0.9714 1.4286 1.4714
Carbon 0.7550 0.8550 0.5857 0.5538

emission

U unit: 10%; 2 unit: 10° m% * unit: 10° kW h.

dominant direction of the pattern (Gong, 2002). The calculation
formula is as follows:

‘" WiX; iwi)/i
p(x, Y) S 3)
Yo Y
i=1 i=1
A+B
tan 6 = 4
an C (4)
A= (Z:%? - Z&f) )
in1 izl
n n 2 n 2
B= (zng— yf) +4<Z£,yl> (6)
in1 izl i=1
C=2) %7, )
in1
oy = \/Z (wiX; cos 0 — w; ¥, sin G)Z/Zwi2 (8)
i=1 i=1
o, = \jz (w;X;sin 6 — w; 3, cos Q)Z/wa )
i=1 i=1

P(X,Y) is the center coordinate of the ellipse; 6 is the azimuth;
x;,y; are the coordinates of point elements; w; represents
indicator weight; X; and y; are the difference between the
mean center and the X, y coordinates; o, and o, are the
standard deviation along the X and Y axes.

2.5 Decoupling theory

_ ACCS _ (CCS;; — CCS,0)/CCS,q
T AILU ~ (ILU,, - ILU,,)/ILU,,

(10
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Woodlands Grasslands Water land
~0.644 -0.02 —0.253
Kerosene' Diesel Fuel Natural Electricity3
oil’ oil' gas®
14714 1.4571 1.4286 1.3300 0.1229
05714 0.5921 0.6185 0.4483 0.7475

05

In the above equation, DI is the decoupling index, ACCS
is the change rate of carbon emissions, and AILUrepresents
the rate of ILU change. Finally, t0 and 1 are the start and end
years, respectively. In the decoupling theory, there are eight
states according to the decoupling index, as shown in Table 4
(Song et al., 2019). In this paper, the ideal decoupling state of
ILU and carbon emissions is strong decoupling, that is, the
increase in ILU will not lead to an increase in carbon
emissions from land use.

2.6 LMDI model

According to the existing research (Jiang et al., 2017; Fu
etal., 2022), the LMDI decomposition model was established
by taking energy, economy, land, population, and other
factors into consideration and by referring to the Kaya

identity.
ILC E G CL L
LC:ZanxaxfxﬁxP
= Z((Plc X (Pe x (Pg X ¢cl X ¢l X (Pp) (11)
ALC' = LC' - LC™! (12)
LC - L t—1
LD! c C (13)

- InLCt —In LC*!

Here, LC represents carbon emissions from land use
(10,000 tons), E represents the total consumption of
standard coal (10,000 tons), G is gross domestic product
(10,000 yuan), CL stands for construction land area
(10,000 ha), L is the regional land area (10,000 ha), and P
is the total population of the region. Furthermore, ¢,
represents energy carbon emission intensity; ¢, represents
energy intensity; ¢ represents economic scale; ¢ repre-
sents land use structure; ¢, represents land scale; ¢,
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TABLE 4 Decoupling state division table.

Type

Negative decoupling

Decoupling

Coupling

State

Expansive negative decoupling
Strong negative decoupling
Weak negative decoupling
Weak decoupling

Strong decoupling

Recessive decoupling
Expansive coupling

Recessive coupling

Change rate of

10.3389/fenvs.2022.941177

Change rate of ILU Decoupling index

carbon emissions

>0
>0
<0
>0
<0
<0
>0
<0

>0 DI > 12

<0 DI<0

<0 0<DI<0.8
>0 0<DI<0.8
>0 DI<0

<0 DI > 1.2

>0 08 <DI<12
<0 08 <DI<12

TABLE 5 Changes of ellipse parameters of standard deviation of ILU and carbon emissions.

Year ILU
Center of Migration Ratio of long
gravity direction and
short axes
2008 33.94'N 113.46°E 119
2011 3392°N 11344°E  southwest 1.22
2014 33.96'N 113.50°E  northeast 1.22
2017 33.75N 11359°E  southeast 1.20

represents population size; LC' is the current period,

LC"! represents the base period.

The period-by-period effects of each influencing

tor are:

i
ALC,, =Y LD'In-Pk
Pic
ALC,, = Y LD' In %
" ¢!
ALC, =Y LD'In—%
9 (pg
(Pt
ALC,, =y LD'In-"<,
P
ALC, = ¥ LD'In 4
7 -1
¢
(pt
ALC, =) LD' 1n(pt—f’1
p

The contribution rate of each influencing factor are:

R‘l’lc/‘l’e/‘/’g/‘/’cz/‘l’z/‘/’p =

ALC 9o [Pg [Pet[P1/9p
ALC
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Azimuth

51.64
46.29
44.88
44.22

and

fac-

(14)

(15)

(16)

17)

(18)

(19)

(20)

06

Carbon emissions

Center of Migration Ratio of long Azimuth
gravity direction and

short axes
34.99°N 114.62°E 1.29 4026
35.02°N 114.38°E  northwest 1.25 41.38
35.09°'N 113.88°E  northwest 1.16 56.66
35.07°N 113.80°E  southwest 113 63.81

3 Results

3.1 Spatial and temporal distribution
characteristics of ILU and carbon
emissions

The ILU of 30 provinces, including municipalities and
autonomous regions, in China from 2008 to 2017 was
calculated by using the multi-factor comprehensive evaluation
method. As seen in Figure 2, the ILU of these 30 provinces shows
a steady growth trend from 2008 to 2017. The national ILU
increased from 0.21 in 2008 to 0.32 in 2017, with an average
annual growth rate of 8.24%. However, there are significant
differences in the level of ILU among the provinces. The
spatial distribution pattern is high in the east and south, and
low in the west and north.

Regarding the three major regions, the eastern region had the
highest level of ILU, which increased from 0.25 in 2008 to 0.40 in
2017, a growth rate of 60%. Shanghai, the largest economic center
in China, had the highest land use intensity, with an average value
of 0.57. Tianjin, Beijing, and Jiangsu, as municipalities directly
under the Central Government and economically powerful
innovation in land

provinces in China with constant
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FIGURE 2
Intensive land use of China in 2008, 2011, 2014, and 2017.
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FIGURE 3
Carbon emissions of China’s provinces from 2008 to 2017.

management and utilization methods, had average values of 0.40, with the rapid development in the tourism economy and real
0.38, and 0.35, respectively, second only to Shanghai. Hainan estate industry, had an increase in ILU from 0.17 in 2008 to
Province, as an important international tourist island in China 0.27 in 2017, a growth rate of 60.33%.
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Elliptic distribution of the standard deviation of ILU and carbon emissions.
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The central region had an average of 0.26, ranking second out
of the three regions. Henan Province and Jiangxi Province are
consistently in the top two in ILU in the central region. This was
due to the balanced treatment of the relationship between the
degree of land use, land input level, and land output benefit.
Taking Jiangxi Province as an example, the values of land output
benefit, land use degree, and land input level in 2017 were 0.19,
0.13, and 0.03 respectively. Only the sum of land output benefit
and land use degree exceeded the mean value of ILU in central
China in the same year by 0.30.

Influenced by the topography and economic development in
the western region, the evaluation indicators such as the degree of
land use, the level of land input, and the benefit of land output were
all relatively low. From 2008 to 2017, the ILU in the western region
increased from 0.16 to 0.26, with an average annual growth rate of
6.58%. In particular, Xinjiang Uygur Autonomous Region, with an

Frontiers in Environmental Science

08

area of 1.66 million square kilometers, is the largest province in
China. The desert area of Xinjiang Uygur Autonomous Region is
more than 1/4 of the provincial area, which determines that it hasa
long way to go to improve the level of ILU.

According to Eq. 2, the carbon emissions from land use in
China’s provinces, municipalities, and autonomous regions from
2008 to 2017 were calculated (Figure 3). As can be seen from
Figure 3, carbon emissions from land use in China showed a slow
growth trend from 2008 to 2017, increasing from 286444.22 x
10%* in 2008-367628.84 x 10*t in 2017, with an average annual
growth rate of 5.04%. In space, it presented the distribution
pattern of high in the east, low in the west, high in the north, and
low in the south, with significantly unbalanced regional
distribution characteristics. In 2017, for example, Shandong
Province had the largest carbon emissions and Qinghai
Province had the smallest, with a difference of 43414.22 x 10%.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.941177

Zhang et al.

Carbon emissions in the eastern region showed a slow growth
trend, from 140952.62 x 10% in 2008-195704.28 x 10 in 2017,
with an average annual growth rate of 4.31%. The growth rate of
carbon emissions and the ILU both showed positive growth during
the study period, and the growth rate of carbon emissions was
lower than the growth rate of ILU. In the eastern region, the carbon
emissions of Beijing, Tianjin, Hebei, Jilin, and Fujian showed an
inverted “U-shaped " curve. Among them, Beijing’s carbon
emissions had dropped the most. Under the influence of the
“Green Olympics” and “policies which moved all steel-related
systems out of Beijing,” high energy consumption enterprises had
been transferred, and carbon emissions had dropped from
4,346.14x10% in 2008-4,022.19x10% in 2017, a decrease of 7.45%.

The carbon emissions in the central region in 2017 were
107,790.50 x 10%, an increase of 34.18% compared with 2008.
Among them, Henan Province and Jilin Province showed an
inverted “U" curve in carbon emissions during the study period
due to energy structure optimization and energy efficiency
improvement. In Henan Province, for example, total energy
consumption increased from 186 million tons of standard coal
in 2010 to 238 million tons of standard coal in 2016, with an
average annual growth rate of 1.8%, 7.8 percentage points lower
than the growth rate during the 11th Five-Year Plan period. From
2010 to 2016, energy consumption per 10,000 yuan of GDP in
Henan decreased from 0.81 tons of standard coal per 10,000 yuan
to 0.6 tons of standard coal per 10,000 yuan, an average annual
decline of 5.4%. Shanxi Province, an important coal province in
China, had the largest and most obvious increase in carbon
emissions. From 2008 to 2017, carbon emissions increased from
19002.71 x 10% to 27623.24 x 10%, with an increase of 45.36%.

The carbon emissions in the western region increased the
most of the three regions, from 65,157.2 x 10* in 2008 to
106,745.73 x 10" in 2017, a growth rate of 73.16%. During
the study period, carbon emissions in western China increased
significantly, mainly because most of these provinces and
autonomous regions were in the process of rapid economic
growth or industrial structure transfer. Furthermore, the
industrial ~ structure was dominated by high energy
consumption and heavy or chemical industry. Take the Inner
Mongolia Autonomous Region as an example. It is an important
coal-producing province in China. In 2017, the region produced
878 million tons of coal, accounting for 25.45% of the national
coal production. In addition, in the national industrial structure
layout, it has undertaken a number of high energy consumption
and high emission projects such as coal power, coal chemical
industry, steel, and electrolytic aluminum. This has formed an
economic development mode of " relying on energy and heavy
industries " and an industrial structure dominated by energy and
heavy/chemical industries, which objectively leads to the rigid
growth of carbon emissions.

From 2008 to 2017, the standard deviational ellipse of ILU and
carbon emissions showed a north by east to south by west
distribution pattern as a whole, reflecting a good spatial
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TABLE 6 State of decoupling between ILU and carbon emissions.

Region T1 T2 T3

Beijing WD (0.0034) SD (-0.0933) SD (-0.3943)
Tianjin EC (0.9690) WD (0.1415) SD (-3.3148)
Hebei EC (0.8988) SD (-0.1820) RD (2.1058)
Shanghai WD (0.5795) SD (-0.2817) WD (0.2146)
Jiangsu END (2.7408) WD (0.3220) WD (0.6742)
Zhejiang EC (1.0005) SD (-0.0428) WD (0.6842)
Fujian END (2.4033) WD (0.8000) SD (-0.0378)
Guangdong END (2.0840) WD (0.0908) EC (0.8132)
Hainan EC (0.8579) END (2.4030) END (1.4036)
Shandong EC (1.1366) WD (0.6818) END (2.099)
Liaoning END (1.2728) SD (-0.0077) SND(-0.1326)
Shanxi WD (0.6977) WD (0.4538) SND(-13.1118)
Henan END (2.6678) SD (-0.2665) SD (-0.3024)
Hubei END (2.8329) SD (-0.6618) WD (0.2598)
Hunan END (1.9607) SD (-0.3309) WD (0.7334)
Anhui EC (0.8048) EC (0.9672) WD (0.392)
Jiangxi END (1.6315) END (1.2100) END (1.9029)
Jilin EC (1.1265) SD (-0.2409) RC (0.8704)
Heilongjiang EC (1.0783) SD (-0.0673) WD (0.7149)
Inner Mongolia END (1.7800) WD (0.1645) WD (0.7944)
Guangxi END (1.4660) EC (0.9404) WD (0.6364)
Chonggqing WD (0.7861) SD (-0.6106) WD (0.4061)
Sichuan EC (1.0036) EC (0.8604) SD (-1.412)
Guizhou EC (0.8230) WD (0.3767) WD (0.4036)
Yunnan WD (0.6633) SD (-0.2438) END (3.3237)
Shaanxi END (1.9151) END (3.0886) SND(-0.8609)
Gansu END (1.4236) WD (0.4723) SD (-0.2952)
Qinghai END (1.2336) END (2.687) WD (0.0486)
Ningxia END (1.8032) EC (0.8419) END (4.1006)
Xinjiang END (4.9608) END (8.0341) SND(-9.7177)

consistency between the two systems (Figure 4). From 2008 to
2017, the ratio of the ILU axis increased from 1.19 to 1.22 and then
decreased to 1.20 (Table 5), indicating that it had expanded from
north by east to south by west and then gradually changed to north
by west to south by east. The azimuth angle had continuously
rotated counterclockwise from 2008 to 2017, indicating that with
the effective implementation of China’s Western Development
Campaign, the economy of the western region had developed
rapidly and the level of ILU had gradually improved.

From 2008 to 2017, the ratio of long axis to short axis of
carbon emissions decreased from 1.29 to 1.13, and the center of
gravity moved to the northwest as a whole (from 34.99°N,
114.62°E to 35.07°N, 113.80°E), indicating that the north by
west to south by east movement of the ellipse shows an
expansion trend. This was due to the rapid economic
development of the northwestern provinces at the same time
as the continuous expansion of construction land, and the
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increase in energy consumption, followed by the rapid growth of
carbon emissions.

3.2 Decoupling analysis of ILU and carbon
emissions

Based on the characteristics of the decoupling theory, this
paper divides the study time period into three stages: T1
(2008-2011), T2 (2011-2014), and T3 (2014-2017). The
decoupling indices were calculated for each province in the
three periods according to the ILU and carbon emissions
(Table 6).

It can be seen from Table 6 that the decoupling state between
ILU and carbon emissions shows different development trends in
each time period. From 2008 to 2011, the decoupling state
between ILU and carbon emissions of Beijing and Shanghai in
the eastern region, Shanxi Province in the central region,
Chongqing and Yunnan province in the western region was
weak decoupling, indicating that ILU and carbon emissions in
these five provinces (municipalities directly under the Central
Government) were increasing at the same time, but the growth
rate of carbon emissions was lower than that of ILU. In the
eastern, central, and western regions, the proportion of
provinces, autonomous regions, and municipalities in the state
of expansive coupling were 45.1%, 37.5%, and 19.1%,
respectively. This indicated that ILU was increasing steadily in
these regions, and carbon emissions were also increasing, but that
the growth rate of carbon emission was synchronous or slightly
higher than that of ILU. Provinces, autonomous regions, and
municipalities in the state of expansive negative decoupling
accounted for 50% of the study area, indicating that the
growth rate of carbon emissions of most provinces was much
higher than that of the ILU. From 2011 to 2014, the decoupling of
ILU and carbon emissions had improved significantly, with 91%,
75%, and 45.3% of the provinces in the eastern, central, and
western regions experiencing a form of decoupling, either strong
or weak, respectively. Provinces in a state of expansive coupling
accounted for 13.33% of the total number of provinces in the
study area, a decrease of 20% over the previous stage. Hainan
Province in the eastern region; Jiangxi Province in the central
region; and Shaanxi Province, Qinghai Province, and Xinjiang
Uygur Autonomous Region in the western region were in a state
of expansive negative decoupling. From 2014 to 2017, 16.67% of
the provinces in China were in a state of expansive negative
decoupling, and 13.33% were in a state of strong negative
decoupling, indicating that the ILU of these provinces
decreased and carbon emissions increased. About 63.33% of
the provinces, municipalities, and autonomous regions were in
a state of decoupling (strong decoupling, weak decoupling, or
recessive decoupling). In addition, the provinces linked to
expansive coupling and recessive coupling accounted for 3%
respectively, indicating that the decoupling state of the provinces
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had not reached a stable state, but the overall trend was gradually
improving.

3.3 Analysis of influencing factors of
carbon emissions

3.3.1 Analysis of the influencing factors from the
national perspective

In order to effectively mitigate the carbon emissions pressure
caused by land use, the LMDI model was introduced to explore
the influencing factors of carbon emissions in 30 provinces,
municipalities, and autonomous regions in China. According
to Eq. 11-20, the influences on land use carbon emissions are, in
descending order: energy intensity (EI), economic scale (ES),
population scale (PS), land use structure (LUS), energy carbon
emission intensity (ECEI), and land scale (LS) (Table 7).

EI was the first positive factor in the reduction of land use
carbon emissions, and the absolute value of the cumulative
contribution rate was 677.10%. From 2008 to 2017, energy
intensity contributed to the reduction of 1,957.749 million
tons of carbon emissions, becoming a key factor in slowing
the growth of carbon emissions. This is mainly due to the
adjustment of China’s energy strategy during the “I1th Five-
Year Plan”, “12th Five-Year Plan” and “13th Five-Year Plan”
periods. The outline of the Chinese government’s " 11th Five-
Year Plan " proposed that the energy consumption per unit of
GDP should be 20% lower than in 2005. After the 18th CPC
National Congress, with the continuous application of new
technologies for energy conservation and emission reduction,
the proportion of coal in primary energy has continued to
decline. Furthermore the proportion of clean energy power
generation has increased significantly, the energy structure has
been continuously improved, and the energy consumption per
unit GDP has been continuously reduced. Therefore, optimizing
energy structure, improving energy efficiency, and developing
low-carbon industries are important means to reduce carbon
emissions.

As shown in Table 7, from 2008 to 2017, ES was the leading
factor in the increase of carbon emissions from land use in China,
with a cumulative increase of 1,936.853 million tons and a
cumulative contribution rate of 527.12%. As the largest
developing country in the world, China’s main task is to
actively develop its economy and improve people’s living
standards. The current extensive development model will
inevitably lead to a continuous increase in carbon emissions.
However, after 2012, with the transformation of the economic
development mode required by the 18th National Congress and
the deepening of innovation-driven development strategy, the
driving effect of economic scale on carbon emission growth has
gradually weakened. At the same time, the gradual maturity of
the carbon emissions trading market will accelerate the
formation of green and low-carbon economic development
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TABLE 7 Decomposition results of influencing factors of carbon emission from land use (unit:10%).

Region Year ECEI EI
Eastern Region T1 —-407.35 —-30350.44
T2 -1,376.11 —-38629.17
T3 —-2,589.88 —20001.64
Central Region T1 845.07 —-22988.50
T2 -839.63 -23039.56
T3 -436.05 -16305.22
Western Region T1 1,394.07 -16795.55
T2 571.45 -17708.50
T3 —-383.42 -9,956.20

modes in China, and the driving effect of ES on the increase in
carbon emissions will be further weakened.

PS was the third factor in increasing land use carbon
emissions, with a cumulative contribution rate of 260.70%. As
the country with the largest population in the world, China has a
large population base. With the acceleration of the urbanization
process and the continuous expansion of the urban scale, the
pressure on housing, transportation, and infrastructure increases,
which is accompanied by a large amount of energy consumption.
From 2008 to 2017, the PS factor led to a cumulative increase in
carbon emissions of 682.453 million tons. With the continuous
enhancement of people’s low-carbon awareness and the
continuous change of lifestyle and consumption habits, the
contribution of the PS factor to the positive driving effect of
the increase of carbon emissions is gradually weakening,
especially after 2014.

The cumulative contribution rate of the fourth influencing
factor, LUS, leading to increased carbon emissions, was 194.46%.
Due to the continuous growth of the population and the
continuous expansion of the construction land area, the
pressure on energy consumption had increased, resulting in a
cumulative increase of 761.976 million tons of carbon emissions.
With the enhancement of local governments’ awareness of
environmental protection and the continuous optimization of
land use structures, the factors of LUS played a positive driving
role in reducing carbon emissions for the first time in 2014-2017,
with a reduction of 86.1797 million.

The positive and negative effects of ECEI on land use carbon
emissions in different years were obvious and overall had an
inhibitory effect. During the study period, it promoted a total
reduction of 32.2185 million tons of carbon emissions, with an
absolute cumulative contribution rate of 21.28%. From 2008 to
2017, the factors of ECEI showed a positive effect on the
reduction of carbon emissions in the eastern region. At first,
ECEI showed a negative effect and then a positive effect in the
central and western regions, which was consistent with the
change in China’s energy consumption composition. In 2007,
the “philosophy of ecological civilization” was first put forward in
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ES LUS LS PS

48665.03 17156.27 -2,100.89 4918.23
27603.13 12976.23 -11212.51 16015.99
15618.27 —4,580.16 11742.51 11304.14
30429.08 12235.23 -5,118.59 6,287.90
13476.64 10446.55 -3,920.69 4,979.77
11405.20 —445.66 6,387.48 4,057.07
30227.15 19167.25 -12316.25 5,969.96
15000.46 12833.99 —4,208.09 7,452.58
1,260.32 -3,592.15 11496.07 7,259.69

the report of the 17th National Congress of the Communist Party
of China. The eastern region was the first to adjust its energy
structures and reduce the proportion of coal in energy
consumption. After the 18th National Congress of the
Communist Party of China in 2012, China began to reduce
overcapacity in the coal sector and optimize the energy
consumption structures. This was consistent with the fact that
ECET had an inhibitory effect on carbon emissions in eastern and
western China. Although ECEI has an inhibitory effect on carbon
emissions, its contribution rate was relatively low, indicating that
increasing research on energy utilization technology, reducing
the carbon emission coefficient, optimizing energy consumption
structure, and increasing the proportion of clean energy
consumption such as shale gas and coalbed methane are
important ways to promote carbon emissions reduction.

The overall impact of the LS factor on carbon emissions was a
negative driving factor. During the study period, the LS factor
contributed a total of 92.510 million tons to carbon emissions
reduction, with a cumulative contribution rate of 16.10%. From
2008 to 2014, the impact of LS on carbon emissions in China was
through carbon sinks, which contributed to a reduction of
388.770 million tons in carbon emissions. Between 2014 and
2017 LS was a carbon source. This was mainly caused by the
significant increase in carbon emissions intensity from
construction land during this period. With the accelerating
process of urbanization, a large amount of forest land, garden
land, and other carbon sink land have been transformed into
construction land, a carbon source. Therefore, reasonably
controlling the expansion speed and scale of construction land
and optimizing land use structure are important ways to achieve
China’s carbon emissions reduction goal as soon as possible.

3.3.2 Analysis of the influencing factors from the
region perspective

The factors contributing to carbon emission in eastern China,
in descending order, were ES, PS, and LUS. Over the past
10 years, ES produced 918.864 million tons of cumulative
carbon emissions. The cumulative carbon emissions of the PS
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factor were 322.384 million tons. LUS played a role in promoting
regional carbon emissions from T1 to T2, with cumulative
LUS in the
T3 period reduced carbon emissions by 45.802 million tons in

carbon emissions of 301.325 million tons.

3 years. EI was the main inhibiting factor of carbon emissions and
contributed to the cumulative reduction of 889.813 million tons
in carbon emissions, accounting for 59.45% of the total increase
in carbon emissions. ECEI and LS played a role in promoting
carbon emission reduction to varying degrees in the eastern
region.

The ES factor in the central region was the leading factor
in the increase in carbon emissions, with a cumulative increase
of 553.1092 million tons. The second was LUS, with a
cumulative increase of 222.361 million tons, accounting for
approximately 40.20% of the carbon emissions added by the
ES. The population size factor had cumulatively increased
carbon emissions by 153.247 million tons. The EI was a key
contributing factor in the reduction of carbon emissions,
which exceeded the increase in carbon emissions caused by
economies of scale. ECEI and LS cumulatively reduced carbon
emissions by 30.824 million tons.

The ES, PS, and LUS were the three leading factors that
contributed to the increase in carbon emissions in the western
region. EI was the primary factor that reduced carbon emissions
in the western region. From T1 to T3, the carbon emissions
reduction promoted by EI accounted for about 95.64% of the
carbon emissions generated by ES. ECEI mainly promoted the
increase of carbon emissions during T1-T2 but became the
driving factor in the reduction of carbon emissions in T3. LS
had both contributing and inhibiting effects on carbon emissions
in the western region. Its overall performance was to inhibit the
increase of carbon emissions by a total of 50.283 million tons.

4 Discussion

The relationship between land use change and global warming
has been one of the hot issues in academic research in the past
20 years. As an important means of optimizing land resources and
improving the ecological environment, the relationship between
intensive land use and carbon emissions from land use is one of
the important issues that need to be studied urgently. This paper
selected 30 provinces, municipalities, and autonomous regions in
China and uses the standard deviational ellipse and decoupling
theory to quantitatively and qualitatively analyze the temporal and
spatial evolution law and decoupling relationship of intensive land
use and carbon emissions. This can intuitively reflect the situation of
intensive land use and carbon emissions from land use. At the same
time, the LMDI model is used to quantitatively analyze the
influencing factors of carbon emissions from land use. This paper
can provide new ideas for low-carbon and efficient land use in China.
Furthermore, it can provide some reference for research in other
regions and thus has positive research significance.
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There are great differences in the degree of intensive land use
and carbon emissions among the 30 provinces, municipalities,
and autonomous regions in the study area. Although they are
representative, there are inevitably some restrictions. In the
construction of the intensive land use index system, we
mainly refer to the previous relevant research indicators,
which are objective. However, considering the integrity and
differences of the provinces, municipalities, and autonomous
regions, we should take more scientific methods to construct the
index system in future research to more comprehensively reflect
the provincial level of intensive land utilization.

Using the standard deviational ellipse method and
decoupling theory, the spatial and temporal distribution and
interrelationship of land intensive use and carbon emissions are
quantitatively analyzed, but the evolution law between them
still needs to be further explored. Using the LMDI method to
analyze the influencing factors of land use carbon emission, and
whether there is a more suitable analysis method for more in-
depth quantitative research in the future, are worth further
discussion.

5 Conclusion

1) Intensive land use in 30 provinces, municipalities, and
autonomous regions in China showed steady progress, and
there are great differences among them. The spatial
distribution pattern of intensive land use was high in the east
and south, and low in the west and the north. The overall carbon
emissions from land use showed a slow growth trend, showing a
spatial distribution pattern of high in the east and north, and low
in the west and the south, with significant unbalanced regional
distribution characteristics, but the carbon emissions of some
provinces showed a downward trend.

2) The intensive land use and the carbon emissions standard
deviational ellipse had good spatial consistency, both of which
are north by east to south by west distribution patterns. The
center of gravity of carbon emissions standard deviational
ellipse moved to the northwest, and carbon emissions in
northwest provinces showed a rapid growth trend.

3

~

The decoupling state of intensive land use and carbon
emissions was different in each time period. Of the
provinces, 63.33% were in the ideal decoupling stage, and
the overall trend was stable and positive.

N
=z

According to the contribution value of the influencing factors in
China’s carbon emissions are, in descending order: energy
intensity, economic scale, population scale, land use structure,
energy carbon emissions intensity, and land scale. Actively
adjusting the industrial structure and economic development
mode, increasing the proportion of clean energy and energy
utilization, controlling the speed of construction land expansion,
and increasing the promotion of low-carbon emissions should be
important directions for future efforts.
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