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Abstract

Land use and land cover (LULC) will cause large flows of carbon sources and sinks. As the world’s largest carbon emitter
with a complicated LULC, China’s carbon emissions have profound implications for its ecological environment and future
development. In this paper, we account for the land-use changes and carbon emissions of 30 Chinese provinces and cities in
China from 2000 to 2020. Furthermore, the spatial correlation of carbon emissions among the study areas is explored. Four
typical regions with spatial association (Beijing, Hebei, Sichuan, and Anhui) are selected, and their land-use change trends
in 2025 and 2030 are simulated to predict the total carbon emissions in the future. The results show that the distribution of
land-use in China is mainly cultivated and woodland, but the growth of urban built-up (UBL) land area indirectly leads to
the continuous increase of carbon emissions. Total carbon emissions have increased over the past two decades, albeit at a
slower growth rate, with some provinces experiencing no further growth. In the typical regional carbon emission simulation,
it is found that the carbon emissions of the four provinces would show a downward trend in the future. The main reason is
the reduction in indirect carbon emissions from fossil energy in UBL, while the other part is the influx of carbon sinks due
to grassland, woodland, etc. We recommended that future carbon reduction measures should focus and prioritize controlling
fossil energy and mitigating carbon emissions from UBL. Simultaneously, the significant contribution of forests and other
land types as carbon sinks should be acknowledged to better implement China’s carbon neutral commitment.

Keywords Land use and land cover (LULC) - Carbon emission,-Dual carbon goals - Spatial analysis - Carbon simulation

Introduction

Human activities, including deforestation (Lorenz and
Pitman 2014), agricultural land reclamation, acceler-
ated urbanization, overgrazing of grasslands and pollu-
tion of water bodies, have significantly impacted Land
use and land cover (LULC) (Hong et al. 2021). LULC
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is an important factor that leads to carbon emissions and
determines the spatiotemporal carbon transfer in terres-
trial ecosystems (Piao et al. 2009), in which the effect
of construction and cultivated lands are dominant (Lai
et al. 2016; Zhang et al. 2020, 2023). Urban built-up land
(UBL) carbon emissions primarily result from burning fos-
sil energy, while cultivated land emissions arise from CO,
and CH, indirectly released during crop production (Chuai
et al. 2011). Therefore, LULC change has aggravated the
global greenhouse gas emissions and ecosystem anomaly
(Smith et al. 2008; Wang and Myint 2016). The 6th reports
of Intergovernmental Panel on Climate Change (IPCC)
indicates that global average surface temperature has risen
by about 1 °C between 1850 and 1900, and this trend is
expected to accelerate in the coming decade (Houghton
2003; IPCC Climate Change 2022; Wang et al. 2014).
With LULC change and fossil energy consumption rising
from human activities, total carbon emissions of China
are constantly increasing. It accounts for about 27.5% of
global carbon dioxide emissions, surpassing the USA as
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the largest carbon emitting country (Dong et al. 2019;
Yang et al. 2019). China needs to reasonably manage and
control its land-use distribution structure and fossil energy
consumption to achieve its emission reduction policy.

Therefore, analysis of the LULC change and fossil energy
consumption can reveal the rate of human-induced carbon
emissions in China (Li et al. 2020). It is of great significance
in guiding China in the critical stage of achieving the goal
of “dual carbon”. And it will further have a positive effect
on slowing down the global greenhouse gas emissions and
climate and environmental changes.

A large amount of literature has discussed the relationship
between LULC change and carbon emissions (Chuai et al.
2015; Guo et al. 2019; Jung et al. 2012; Li et al. 2022b; Mal-
lick et al. 2022; Pechanec et al. 2018). The carbon stocks of
different land-use types change as they are converted from
one type to another. Carbon stocks in Jiangsu decreased by
714.03 x 10 t between 1995 and 2015, and the land transfer
of cultivated land to urban land is the main land transfer
causing the carbon sequestration loss (Guo et al. 2019).
Moreover, the carbon sequestration increases 9.74Tg dur-
ing the ecological conservation of Fujian Province, which
is mainly caused by vegetation conversion (Li et al. 2022b).
On the other hand, it is found that the carbon sequestration
capacity varies among ecosystems, and the carbon seques-
tration and carbon emissions are spatially and temporally
heterogeneous based on LULC distribution in the same eco-
system (Le Quere et al. 2009; Luyssaert et al. 2008; Zhao
et al. 2023). Consequently, carbon emissions from LULC
changes in Jiangxi show evident spatial heterogeneity, char-
acterized by concentrated high emissions in the north and
low emissions in the south, creating areas with lighter and
heavier emissions, respectively (Huang et al. 2023). Carbon
emissions are spatially concentrated in northwestern China
and follow a “northeast-southwest” trend, with the center of
emissions shifting northward over time. The dominant char-
acteristic of regional carbon emissions is a low total amount,
low intensity, and low pressure (LLL) (Han et al. 2021).

Analyzing the impact of LULC changes on carbon
sources and sinks is crucial for future ecosystem structure
protection (Tao et al. 2015). Studies have emerged on the
simulation of future carbon emissions. While some stud-
ies estimate future ecosystem carbon emissions based on
the current situation (Houghton and Hackler 2003; Li et al.
2022a; Yang et al. 2018), others predict these emissions
using land use simulation models (Brovkin et al. 2013; Liang
et al. 2021b; Molotoks et al. 2018). Using a cultivated land
expansion prediction model, it is projected that Brazil and
Mexico will lose about 13.7% and 4.6% of their vegetation
and soil carbon stocks, respectively (Molotoks et al. 2018).
In the future, forests in the tropical dry forests of western
Zambia will hold larger carbon stocks compared to agricul-
tural land. The soil carbon pool of agricultural land will be

able to offset about 33% of the loss of carbon stocks due to
deforestation (Dietz et al. 2023).

In addition, some literature discussed the calculation of
the regional carbon sequestration and emissions. It usu-
ally calculates the carbon sequestration by the net primary
productivity (NPP) or the vegetation carbon density, while
estimate the urban carbon emissions through the nighttime
lighting data (Field et al. 1998; He et al. 2016; Su et al.
2014). However, due to inconsistencies in the magnitudes
of carbon sources and sinks, there is no unified standard
for calculating regional carbon sequestration and emissions.

In previous literature, the impacts are generally analyzed
by blindly choosing local regions, without being able to rec-
ognize China’s overall carbon situation. And the literature
generally simulates carbon emissions separately for land-use
or fossil energy, with few articles analyzing and predict-
ing them in parallel. Therefore, considering the existence
of some of the above problems, this paper selects the partial
hinterland of China to study the national impacts of LULC
change and fossil energy consumption on carbon emissions
firstly. And choosing the typical regions via spatial correla-
tion to predict the emission changes in the future. Then we
introduce urban carbon density to jointly simulate carbon
emission for land-use types and fossil energy to compen-
sate for some weaknesses in the existing literature. The
results of this study can offer insights into emission reduc-
tion measures informed by the historical effects of LULC on
carbon emissions and spatio-temporal distribution in China,
and provide some guidance for regional carbon emission
prediction.

Methods and materials
Study region and data preparation

China’s land area is about 9.6 million km?, and its sea area
is about 4.73 million km?. China’s land resources utiliza-
tion is complex due to the diverse natural conditions and
unique historical development in various regions. China’s
land resources are currently unevenly distributed, leading to
various national and regional problems. For example, forest
resources are limited. In the northeastern forest areas, efforts
are underway to balance harvesting and cultivation, while
the southwestern forest areas are grappling with an abun-
dance of over-mature trees and resource wastage. China’s
vast grassland resources remain underutilized, resulting in
low levels of livestock production. However, many local
grasslands are struggling with overgrazing and pasture deg-
radation. Limited cultivated land is predominantly found in
the eastern monsoon zone plains, whereas most grassland
resources are located in the eastern part of the Inner Mon-
golia Plateau.
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Considering the uneven distribution of the population,
land-use and carbon fluxes, as well as data availability, 30
provinces and municipalities in China’s partial hinterland
(excluding Tibet, Hong Kong, Macao, Taiwan, and South
China Sea Islands) are chosen as the study area for this
paper.

The datasets used in this study mainly consist of land-use
data, energy consumption and other data on driving factors.
The land cover product data between 2000 and 2020 are used
at 5-year intervals. The energy consumption data is obtained
from the China Energy Statistical Yearbook, which has been

Table 1 Data description

Data Resolution ~ Types Data source
Land-use data 30 mx30 m Raster CLCD (Yang and Huang
2021)
Energy data - Panel data China Statistical Yearbook
DEM 30 mx30m Raster Geospatial Data Cloud
( https://www.gscloud.cn/)
River - Shapefile  Open Street Map
Rail (OSM)
Road
Temperature 1kmx1km Raster Chinese Academy of
Precipita- Sciences
tion (https://www.resdc.cn/)
Population
GDP

converted to units of standard coal. The Digital Elevation
Model (DEM), road, population and other driving factor data
were harmonized to the WGS-84 coordinate system. Among
them, land-use data and energy consumption data were used
to calculate land-use carbon sources and sinks, while driv-
ing factor data was used for land-use change prediction. The
specific data information is shown in Table 1.

Methodology

This study consists of three main parts (Fig. 1). Firstly, we
estimate national level carbon emissions and sequestrations
using land-use data and fossil energy consumption data, and
analyze their spatiotemporal distribution from 2000 to 2020.
Next, we identify spatial correlations of carbon emissions
among provinces and analyze their spatial distribution pat-
terns. Subsequently, we select some typical regions based
on their distinct carbon emission spatial characteristics com-
pared to neighboring ones, and the driving factors are ana-
lyzed and predict their carbon emissions in 2025 and 2030
with the PLUS model.

Carbon sequestration/source accounting
In this paper, we resampled and reclassified the original land

use data to a spatial resolution of 1 km for easier data pro-
cessing. We divided the land use types into six categories:

Fig.1 The research framework
(CL: cultivated land; WL:
woodland; GL: grassland; W:
water; UBL: urban built-up
land; BL: bare land)

Part 1. Carbon sink/source Accounting & Characteristics

Land-use data Energy consumption
Directly Indirectly
Carbon Sink
g g

Carbon accouting on national level +

Spatiotemperal distrubution

Part 2. Carbon emissions Spatial analysis

Part 3. Carbon emissions prediction

PLUS model

+

Driving force data

The typical regions
Carbon prediction

-
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=
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cultivated land, woodland, grassland, water, urban built-up
land and bare land. Among the six land use types, culti-
vated land, woodland, grassland, water and bare land exhibit
direct carbon flux, allowing them to exchange carbon with
the environment. However, the carbon emission of urban
built-up land is calculated based on energy consumption,
and cannot directly interact with carbon flux (Chuai et al.
2015). Direct carbon emissions from land uses can be esti-
mated using the widely accepted IPCC carbon emission
method (1).

Cp = zz_lAreai * € €))

where Cj, represents the direct carbon emission (t). Area,
and g, represent the area (km?) and carbon emission/seques-
tration coefficient of the corresponding i th land-use type.
According to the researches on carbon source and seques-
tration of different land uses in China, the carbon emission/
sequestration coefficients are shown in Table 2.

Since urban built-up land cannot exchange carbon fluxes
directly with the environment, we estimate carbon emissions
based on fossil energy consumption, following the IPCC
method. The energy sources included in this study are coal,
coke, gas, gasoline, diesel, kerosene and electricity. All
energy consumption data have been converted to standard
coal. The formula is as follows.

Cip = Y, EC, % NHV, % C; % O, % +EPC*6  (2)

where C;, represents carbon emission of built-up land (t).
EC;, NHV,, C; and O, denote the energy consumption, net
calorific value (TJ -Gg_l), carbon content and oxidation rate
of the ith energy source, respectively. EPC and 6 are electric
power consumption and power carbon emission coefficient,
respectively. The specific carbon emission coefficients for
each energy source are listed in Table 3.

Combining C,, and Cj;,, we use net carbon emission
(NCE) to represent the total carbon accounting.

NCE =Cp+Cyp 3)

As an illustration, we specify that carbon emission is
positive and carbon sequestration is negative in the NCE
calculation. As a result, by combining the direct emissions

Table 2 Carbon emission/sequestration coefficient of land use types

Land use type CE CS
Cultivated land 0.505 0.007
Wood land - 0.6125
Grass land - 0.021
Water - 0.041
Bare land - 0.0005

10705
Table 3 Carbon emission coefficients of various energy source
Energy type Net calorific Carbon content Oxidation
value(NHV) rate(C) (tC-TJ™) rate(O)
(TI-Gg™)
Coal 20.908 26.37 0.93
Coke 28.435 29.43 0.93
Gas 38.931 15.32 0.99
Gasoline 43.07 18.9 0.98
Diesel 42.652 20.2 0.98
Kerosene 43.07 19.6 0.98
Carbon emission coefficient (5)
Electricity 0.7935

of the above land and the indirect emissions of the urban
build-up land, we can analyze the spatial distribution and
temporal change patterns of historical carbon emissions at
the national level.

Carbon emission intensity and carbon emission coefficient
of built-up land

Based on the spatiotemporal distribution of national carbon
emissions from LULC change and fossil energy consump-
tion, we analyze the regional impacts of natural differences
on carbon emissions by introducing the carbon emission
intensity (CEI) indicator.

NCE,

1
where NCE; and A; denote the net carbon emissions and
the area of ith province, respectively. The carbon intensity
figure is used to reflect the average carbon emissions in each
province.

Furthermore, we introduce the carbon emission coeffi-
cient (CEC) of urban built-up land to specifically analyze the
carbon emission density from energy consumption. CEC is
calculated as the ratio of carbon emissions to urban built-up
land area.

CJ
D 5)

UBA;

CEC =

where CiD represents the carbon emission caused by energy
consumption in the jth province, and UBA, represents its
urban built-up land area.

Spatial autocorrelation analysis

To further explore the spatial distribution and association
of carbon emissions, we use the spatial autocorrelation to
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measure global and local carbon emissions spatial autocor-
relation among provinces and between each province with its
neighbors, respectively. Spatial autocorrelation measures the
degree of spatial clustering or dispersion in the distribution
of phenomena, and is analyzed using the Moran index (Lin
et al. 2021). Global spatial correlation of carbon emissions
among provinces is calculated as follows.

_ h ;l=1wij(xi -X) (xj - X)

Sz(Ziijij)

where S? represents overall weights for the space of aggrega-
tion, ®; denotes the weight between the i th and j th prov-
ince, x; and x; represent their province carbon emission. x
is global carbon emissions in average. If I is greater than O,
the carbon emission is obvious spatial positive correlation
among these provinces. Conversely, there is a spatial nega-
tive correlation. Otherwise, if I = 0, there’s no correlation
in space.

To further explore local spatial autocorrelation of carbon
emissions, we calculate the spatial correlation between each
province and its neighboring provinces using the following
equation.

(6

Z -«

;= E Z Oy Zy (7)
ik

Zipg =Xy — X (®)

where [, is local Moran’/ of the ith province. And Z; rep-
resents the difference between the carbon emission of the i
or k province and the overall average value of the surround-
ing provinces. S? and w;, denote the variance and weight,
respectively.

LULC simulation

On the basis of analyzing the regional spatial heterogeneity
of carbon fluxes, this paper selects four typical provinces
based on their regional spatial association, carbon emis-
sions and fossil energy consumption, and further simulates
and predicts regional carbon fluxes. The land-use expansion
pattern represents its capacity for expansion. In this study,
we quantitatively characterize the expansion pattern of each
land-use type by measuring the change in patch area.

Expansion Area;

SF;

l

- Y Expansion Area ©)
where SF; and ExpansionArea; represent the spread factor
and expansion area of the ith land-use type, respectively.
We use the well-established Fourier series fitting and
least squares model to simulate CEC of build-up land. This

@ Springer

simulation is then integrated into the PLUS model to predict
future carbon emissions.

We combine the results of both simulations, and then
input them into PLUS model for land-use simulation to pre-
dict future carbon emissions (Liang et al. 2021a). In this
study, the probability of random seeds was determined as
0.01 to simulate future types of land use patches, and the
land use transfer parameters were set using the land use
transfer matrix.

Result and analysis
Distribution pattern and trend of LULC

In China, the LULC is primarily composed of grassland,
woodland and cultivated land (Fig. 2).

We analyzed that LULC changes is over four distinct peri-
ods (Fig. 3). The total areas of land conversion within these
periods are similar, with respective values of 49.76 x 10*km?,
49.16 x 10*km?, 52.91 x 10*km? and 51.06 x 10*km”. The
LULC change is dominated by cultivated land, whose area
decrease by 644.93x 10*km* (3.1% of the total cultivated
land), and is mainly converted into woodland and grassland.
The conversion proportion of woodland is smaller, with an
average of 16.25%. The area of cultivated land converted to
woodland has been increased annually, a trend that reflects
China’s policy of converting cultivated land back to forests
in recent years.

Grassland primarily transitions into cultivated land and
bare land, with newly formed cultivated land accounting for
an average of 37.57%. The need for cultivated land signifi-
cantly contributes to the overexploitation of grassland. How-
ever, in the process of grassland transformation, its main
interaction object is bare land. The area converted from
grassland to bare land in the four periods are 64,029.78 km?,
57,177.72 km?, 71,788.07 km? and 84,285.43 km?, respec-
tively, indicating that the grassland reclamation and over-
grazing have led to the degradation of grassland resources.
And the newly generated grassland is also dominated by bare
land, with an average of 51.27%. The transformation of bare
land into grassland mainly results from rational land use, a
consequence of land reclamation efforts.

Compared to other land types, the proportion of urban
built-up land (UBL) remains relatively low. However, the
area of UBL in China has been growing, with 1.60%, 1.81%,
2.10%, 2.41% and 2.66%, respectively. The primary mani-
festation is expansion of the central city to the surrounding
areas. The transfer of UBL is mainly reflected in the interac-
tion with cultivated land. In the past two decades, the aver-
age area of UBL transfer is only 7278.05 km?, in which the
area converted from cultivated land accounts for 65.86%.
The ratio of UBL transferred from cultivated land reached



Environmental Science and Pollution Research (2024) 31:10702-10716

2015 2020

Fig.2 Spatiotemporal pattern of LULC in China from 2000 to 2020

81.04%. The interaction between UBL and cultivated land
is mainly influenced by socio-economic development and
human activities. It is necessary to balance the expansion of
UBL to meet socio-economic development while preserving
China’s fundamental permanent farmland.

Spatiotemporal characteristics of provincial
carbon emissions

Spatiotemporal dynamic changes of carbon
emissions

Figure 4 shows the NCE resulting from LULC and energy
consumption. It is evident that national carbon emissions
exhibit a continuous growth trend, with variations in emis-
sions caused by LULC among provinces. Over the past two
decades, carbon emissions have significantly exceeded car-
bon sequestration. Carbon emissions are primarily driven
by UBL, accounting for 87.75% in 2000 and increasing
to 93.84% in 2020. Throughout this period, the contribu-
tion of cultivated land in carbon emission is relatively low,
staying below 9667.29 x 10*t and keeping a slow decline
trend. Therefore, reducing carbon emissions is an effective
way to achieve carbon balance. In China’s carbon balance
system, carbon emissions have a dominant role, and there

2010

:] Cultivated land
- Woodland

E Grassland

- Water

- Urban built-up land
:] Bare land

0 1,200 2,400
) km

is considerable potential to limit UBL carbon emissions
through changes in energy activities.

For other land-use types, the contribution degree to car-
bon sequestration is woodland, grassland, water, and bare
land in descending order. Carbon sequestration by woodland
is the most significant source of carbon sinks in China’s
ecosystem, consistently comprising 96.20% in each period,
with grassland contributing approximately 2.9%. The con-
tribution of water and bare land to carbon sequestration is
almost negligible. Therefore, to achieve carbon balance from
a carbon sequestration perspective, rational land planning
policies should be implemented to boost carbon sequestra-
tion in forest and grasslands and to realize carbon balance
in the ecosystem.

Comparisons of carbon emissions and carbon sequestra-
tion across provinces reveal a pattern consistent with the
overall trend—carbon emissions are invariably higher than
sequestration. The provinces with high and rising carbon
emissions are primarily located in North China Plain (Hebei,
Shandong, Henan). In 2000, the carbon emissions in Shan-
dong were 7951.91 x 10*. Over the next 10 years, Shan-
dong’s carbon emissions ranked first in China, increasing to
12,454.78 x 10*t in 2010. However, from 2010 to 2015, the
growth rate and total emissions in Hebei surpassed that of
Shandong, reaching 13,264.99 x 10* in 2015, and Hebei has
since maintained its first-place position.
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Land use and land cover(LULC) transitions(2000-2005)
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Fig.3 2000-2020 Inward/outward flow of LULC in China (CL: cultivated land; WL: woodland; GL: grassland; W: water; UBL: urban built-up

land; BL: bare land)

Meanwhile, it is noting that, while China’s carbon emis-
sions have been increasing, the growth rate has signifi-
cantly slowed down in each province. Figure 4(f) shows
six provinces with high emissions over the past two dec-
ades. During the first decade, the growth rate of carbon
emissions fluctuated significantly, continuing to rise.
From 2010 onwards, carbon emissions in all regions dem-
onstrated a more moderate trend, with negative growth
observed in Shandong and Henan. In Shanxi, carbon emis-
sions increased only marginally, while Hebei experienced
a growth rate of just 2.6% from 2015 to 2020. Comparing
the NCE of 30 provinces over the past 20 years (Fig. 5),
we find that the NCE in most regions follows a trend of
initial increase followed by a decrease. This trend indicates
that government carbon reduction measures to limit human
activities and reduce carbon emissions indirectly caused
by fossil energy have been effective.

@ Springer

Beyond analyzing carbon emissions and sequestration,
we examine carbon emission pressure per unit area across
provinces to gain insight into NCE characteristics in each
province (Fig. 6). The result shows that overall CEI has
not varied significantly. The CEI of the eastern region,
especially the coastal provinces, is relatively higher. It’s
evident that the provinces in the central region with high
NCE also have highly CEI. However, for Shanghai and
Beijing, while their NCE does not exceed 3318.31 X 10%,
their carbon emission intensities are relatively high. This
indicates a concentrated distribution of industrial produc-
tion and human activities. It also reveals that Beijing has
optimized its energy structure and transferred industries,
moving its energy industry to Hebei and reducing its own
carbon emissions. A detailed spatial correlation analysis
will be described in the “Methodology” section.
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Fig.4 Changes of carbon emissions by provinces in China and the proportion of carbon emissions in some provinces

Spatial correlation of NCE

As described in the “Spatial correlation of NCE” section,
the Moran index is used to further analyze spatial correla-
tions in each region. According to the spatial autocorrela-
tion analysis of China’s NCE from 2000 to 2020 (Table 4),
the global carbon emission Moran index in each period is

greater than 0, indicating that the overall NCE in the study
area exhibits a positive spatial correlation. The z-values of
each year are higher than the 99% confidence level, which
is statistically significant. Over the past two decades, the
overall Moran has shown a gradually decreasing trend,
indicating that the spatial correlation of NCE between dif-
ferent provinces is gradually weakening. The Moran index
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Fig.5 Net carbon emissions at
provincial level from 2000 to
2020

2015 2020 ’!
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Fig.6 Carbon emission intensity in China’s regions from 2000 to 2020 (t/km?)
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Table4 The global autocorrelation Moran of carbon emission on
land-use in China from 2000 to 2020

2000 2005 2010 2015 2020
p-value 0.009 0.005 0.009 0.026 0.031
z 2.9829 3.0816 2.7233 2.202 2.0646
Moran 0.317 0.311 0.283 0.211 0.2078

in 2020 is 0.2078, indicating a continued positive spatial
correlation.

The analysis continues by exploring spatial relation-
ships using local carbon emission Moran index. Provinces
with significant spatial relationships are categorized into
four groups (Fig. 7), “High-High” (HH), “High-Low”
(HL), “Low-High” (LH) and “Low-Low” (LL).

High-High (HH) indicates the NCE is high in the objec-
tive province and its neighbors, like Hebei.

High-Low (HL) indicates the NCE is high in the objec-
tive province but low in its neighbors, like Sichuan in
2015.

2000 2005

2015 2020

Low—-High (LH) indicates the NCE is low in the objective
province but high in its neighbors, like Anhui and Beijing in
2005 and 2020, respectively.

Low-Low (LL) indicates the NCE is low in the objective
province and its neighbors, like Xinjiang and Sichuan in
2020.

The results show that, over the past two decades, the HH
and LL provinces made up 90%, 90%, 71.4%, 87.5%, and
88.9% of the total, respectively. The spatial correlation of
provincial-level NCE is relatively high, with evident aggre-
gation. Particularly, Sichuan showed an LL pattern initially,
but transitioned to an HL pattern in 2010 and 2015. This
shift is attributed to increased energy consumption resulting
from Sichuan’s urban construction and development during
this period, which directly raised UBL carbon emissions.
This trend underscores the rapid economic development
in Sichuan and its neighboring cities. Beijing, categorized
as an LH city, has undergone significant development and
transformation in recent years. Many traditional industries in
Beijing have transitioned from fossil energy to clean energy.
Additionally, the relocation of some enterprises and factories
to Hebei has contributed to reduced energy consumption in

N

S

2010

B nigh-highctH)
high-low(HL)
low-high(LH)
low-low(LL)
not significant
0 900 1,800 3,600

L — )

Fig.7 The LISA (Local Indicators of Spatial Association) spatial agglomeration pattern of NCE in China
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Beijing. However, Anhui, shifting from LH to HH, is oppo-
site to Beijing. It is possible that the industrial development
in Anhui has overlooked the city’s carbon emissions, causing
them to rise continuously from 2000 to 2015, with a modera-
tion occurring after 2015.

Simulation of LULC and the carbon emission

Based on the spatiotemporal analysis of provincial carbon
emissions, Beijing, Hebei, Anhui, and Sichuan with different
spatiotemporal characteristics are selected to explore carbon
emissions under future LULC change. This study employs
the PLUS model to simulate land-use changes in 2025 and
2030 (Fig. 8).

The results indicate that the LULC of four provinces
will not undergo significant changes in the future. The
main changes occur among cultivated land, woodland, and
UBL. In detail, the cultivated land in Sichuan and Hebei
will decrease, with most of it transitioning to woodland. In
Sichuan, the UBL is expected to increase, primarily at the
expense of cultivated land. The UBL area in Hebei is not
expected to see significant changes. Anhui is likely to con-
tinue developing around urban areas over the next decade,
with the majority of expansion occurring in northern Anhui,
driven by the conversion of cultivated land. This trend is
expected to be followed by plain areas in the middle and
lower reaches of the Yangtze River, while the woodland

- Sichuan 2025 simulation @

Fig.8 Typical regional LULC simulation results (2025, 2030)
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areas in southwestern and southeastern Anhui are not antici-
pated to experience significant changes. In Beijing, the area
of cultivated land is projected to decrease, while woodland
areas are expected to experience a slight increase. Urban
areas, on the other hand, are likely to continue expanding,
with most of the growth occurring in the eastern and north-
ern regions. The development of the ecological environment
should be considered during urban expansion.

For future carbon emission simulations of UBL, we cal-
culated the carbon density of historical UBL in the four
provinces using formula (5) to represent fossil energy con-
sumption levels. We then employed Fourier series fitting and
OLS to simulate UBL carbon density by MATLAB Toolbox
(Table 5). Fourier fitting is more effective in curve fitting,
especially some regions showed a cyclical trend in the short
term. We collect two decades of fossil energy data (Fig. 9)
and compute the urban area to obtain the UBL carbon den-
sity for the simulation. And the results show a relatively
well-fitting performance using this method, the adjusted
R-square are 0.924 (Anhui), 0.947 (Beijing), 0.942 (Hebei),
0.848 (Sichuan), respectively. The results indicate that the
carbon density of UBL will continue to decrease over the
next decade. The simulation results of carbon accounting in
2025 and 2030 are shown in Table 6 and 7, respectively. The
findings reveal that the NCE in 2025 will begin to decrease
compared to the previous two decades. The downward trend
mainly due to the decline in carbon emissions from UBL,

Anhui 2030 simulation

km

Beijing 2025 simulation



Environmental Science and Pollution Research (2024) 31:10702-10716 10713
Table 5 UBL carbon density 2000 2005 2010 2015 2020 2025 2030
(t/km?)
Anhui 2415.18 3344.51 4661.47 4944.97 4793.21 4341 3378.82
Beijing 5894.46 6170.23 6333.21 4916.39 3539.69 2658.76 1139.41
Hebei 4378.73 5623.86 6706.52 6524.76 6165.63 4985.84 3196.84
Sichuan 15,254.72 15,460.38 20,307.52 16,184.2 12,859.41 10,988.7 6777.52
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Fig.9 Specific fossil energy consumption scenarios in four provinces
Table 6 Carbor} accounting of Cultivated land  Woodland Grassland ‘Water UBL Bare land
land-use types in four provinces
in 2025 (1) Anhui  469.75x10* —25427x10°  —54.71 —30826.55 7035.60x10*  —0.51
Beijing  22.31x10* —54.11x10* —841.32 —1083.14  1082.01x10*  —0.26
Hebei  414.14x10* —281.83x10*  —6.46x10*  —6289.69  13,000.90x10* —19.96
Sichuan  536.35x10* —1225.63x10*  —33.77x10* —15,254.99 5692.84x10* —2952.58
Table 7 Carbon accounting of Cultivated land ~ Woodland Grassland  Water UBL Bare land
land-use types in four provinces
in 2030 (1) Anhui  467.93x10* —251.54x10*  —48.22 —29640.13  5849.34x10* —0.51
Beijing  21.64x10* —54.24x10% —835.59 —-1115.82 476.00x10* —-0.21
Hebei  412.19x10* —287.13x10*  —6.39x10*  —5894.78  8323.47x10* —1545
Sichuan  519.57x10* —1251.00x10*  —33.43x10* —15,468.93 3933.60x10* —3037.41
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while the carbon emissions from cultivated land also will
decrease. For other land-use types, woodland is still the land
type with the highest carbon sequestration contribution, fol-
lowed by water and grassland.

At the provincial level, we compare historical and sim-
ulated carbon data. Although the carbon density of UBL
in Anhui has begun to decrease in 2025, its overall carbon
emissions are still rising due to the rapid development of
UBL areas. The carbon emissions from UBL will not start
decreasing until 2030. The rapid urban development of
Anhui may introduce a large amount of fossil energy con-
sumption from the surrounding provinces. Consequently,
Anhui’s carbon emissions continue to increase, while
the emissions of surrounding cities may decrease in the
future. Beijing’s carbon emissions will continue to decline
in the next 10 years. Although its NCE remains above 0,
it is already significantly lower than in other provinces.
It is predicted that Hebei’s carbon emissions will remain
at 13,126.13 x 10%* in 2025. Its NCE will remain almost
unchanged and will begin to decline after 2025.

In conjunction with the earlier spatial correlation find-
ings, our analysis is validated. Beijing has greatly reduced
the consumption of fossil energy through energy transforma-
tion and factory transfer. It has helped it reduce carbon emis-
sions. The transferred enterprises and factories might not be
fully integrated until after 2025, at which point Hebei’s car-
bon emissions are expected to continue decreasing. Sichuan
stands out from other regions in terms of its land-use com-
position. The predominant land-use types are woodland and
grassland, collectively making up 74.63% of the province’s
area. Even though UBL has high carbon density, it occu-
pies a small land area, and while the extensive woodlands
and grasslands contribute significantly to carbon sequestra-
tion. As aresult, Sichuan’s NCE is lower compared to other
provinces. Over the next decade, the ongoing expansion of
forests and grasslands, coupled with Sichuan’s energy transi-
tion will further reduce its carbon emissions.

Discussion

Land-use and carbon emissions/sequestrations
reduction strategies

The land-use system is an extremely complex ecosystem,
but it is also highly susceptible to the influence of human
activities on its evolutionary process (IPCC Climate Change
2022; Wang et al. 2014). In this paper, we have assessed the
historical carbon emission trends in terms of annual car-
bon emissions/sequestrations by the carbon flows between
land-use and fossil energy from human activities in an
integrated manner. Under human influence, while negative
feedbacks from fossil energy-induced carbon emissions are
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more influential, positive feedbacks from land-use in terms
of carbon sequestrations are also indispensable. Therefore,
when considering coupled human-land development, it’s
essential to include carbon emissions and sequestrations
generated by both land-use and human activities in the
assessment to achieve optimal planning (Houghton 2003).
Despite the results showing a year-by-year increase in Chi-
na’s carbon emissions, it is not difficult to realize that the
emission reduction of fossil energy focuses on coal through
the energy emissions of the four provinces. It is relatively
uncomplicated to reduce carbon emissions by limiting fossil
energy consumption (Fig. 9).

However, land-use as another important form of mitigat-
ing carbon emissions is an important consideration to be
emphasized. According to our results, expansion of wood-
land contributes to the reduction of carbon emissions, and
woodland as the carbon sequestration should be prioritized
when considering the optimization of the land-use struc-
ture. Secondly, land-use results over the past two decades
show that UBL has been expanding, yet this land use pat-
terns are not conducive to emission reduction strategies.
Therefore, this paper subsequently enhances the approach
on carbon reduction strategies by introducing carbon emis-
sion simulations.

Currently, the simulation analysis of carbon emissions is
mainly based on fossil energy, however, it is not enough to
consider the impact of fossil energy alone. In this paper, the
PLUS model is chosen to simulate future land-use develop-
ment and carbon emissions/sequestrations, which can help
decision makers to develop reasonable land use management
and carbon reduction strategies.

In our experiments under a natural development scenario,
we observed a decreasing trend in the carbon intensity of
UBL across the four typical regions in the future. In fact,
the carbon intensity of UBL depends not only on the level
of fossil energy consumption, but also on the area of UBL
within the study region. Therefore, the change in the area of
UBL is another factor of concern during land-use simula-
tion. The carbon emission simulation results indicate that
carbon emissions will decrease in all regions in the future,
albeit at varying rates. The observed trend in carbon emis-
sion mitigation aligns with China’s future policies, which
advocate for energy upgrading and transformation, prioritiz-
ing compact urban growth and afforestation, and optimiz-
ing land-use structures and urban growth patterns to reduce
carbon emissions.

Uncertainty

This study has limitations that need to be addressed and
refined in future research. First, we used a 1-km resolution
for our carbon source and sequestration experiments, which
ignored some rural areas or small villages of UBL, which
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may lead to small carbon emission results of UBL in the
subsequent carbon emission simulation. Second, this study
focused solely on the relationship between the study area’s
size and carbon emissions, neglecting the impact of socio-
economic factors like population and GDP. Future research
should take these factors into account for a more compre-
hensive analysis. Lastly, our land-use carbon emission
only considered the trend of carbon emissions in 2025 and
2030 under a natural scenario. In future research, we plan
to evaluate carbon emission trends in China under multiple
scenarios, starting with optimizing the land-use structure.

Conclusion

In this study, we analyze the patterns of overall carbon
emissions in thirty provinces of China over the past two
decades, considering land-use distribution and fossil energy
consumption. Based on this analysis, we provide reference
suggestions for optimizing land-use structure, upgrading
and transforming fossil energy, and promoting low carbon
emission development in China. Driven by global warming
and rapid socio-economic development, China has experi-
enced intensified changes in its land-use structure and fossil
energy consumption, leading to a surge in carbon emissions.
In 2020, the Chinese government introduced the dual car-
bon target at the United Nations General Assembly. Study-
ing changes in land-use and fossil energy can proactively
contribute to achieving this target. This study accounts for
the carbon source/sequestration and spatial relationship in
China based on land-use data from 2000 to 2020 and fossil
energy consumption data for the past two decades. The study
concludes that China’s carbon emissions have generally
increased over the past two decades, with significant varia-
tions among provinces. However, the overall carbon emis-
sion increase rate has been decreasing, and part of the prov-
inces has already showed negative carbon emission growth.
The overall spatial aggregation relationship exhibits a posi-
tive correlation, with some provinces showing significant
clustering in local areas. As a result, we have selected four
representative provinces to conduct carbon emission simula-
tions to project the development trends of carbon emissions
over the next ten years and analyze the reasons for their
prominence in local spatial correlation. Our carbon emis-
sion prediction experiments indicate that some provinces are
already expected to experience carbon emission reductions
in the future, primarily due to a decrease in carbon emis-
sions exported by UBL. While the area of UBL in the four
provinces is projected to continue increasing trend over the
next decade, the overall carbon emission density of built-up
land is expected to decrease, largely due to reduced fossil
energy consumption and the potential for a higher proportion
of clean energy input. Consequently, overall carbon emission

is anticipated to decrease. This study may have overlooked
the correlations with larger region. Future research should
comprehensively consider overall regional carbon emissions
and their intrinsic linkages. In addition, more specific factors
and scenarios can be considered to improve the accuracy of
carbon emission accounting.
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