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Introduction: Population expansion and economic development increased
global greenhouse gas emissions, leading to serious environmental
degradation. China, the world's largest developing country and promoter of
the “Belt and Road Initiative” (BRI), accounts for 28.8% of the world"s total energy
carbon emissions. How to reduce energy consumption to achieve the “double
carbon” target (i.e., carbon peaking and carbon neutrality) and promote the
implementation of Green BRI is still a serious challenge that China needs to face.

Methods: We evaluated China's carbon emissions using three indicators (i.e., total
carbon emission, carbon intensity, and carbon emissions effect), and used spatial
analysis to reveal the spatial and temporal trends of China's carbon emissions. In
addition, the LMDI model was adopted to explore the driving mechanism of carbon
emissions, so as to seek a path that can achieve harmonious economic and
environmental development, as well as the “double carbon” target.

Results: China's total carbon emission increased at a rate of 226.12% from 2000
to 2019, while the carbon intensity decreased at a rate of 48.84%. Carbon
emission showed a trend of increasing and then decreasing from southwest to
northeast. From 2000 to 2019, the total carbon emission, Gross Domestic
Product (GDP), population size and total energy consumption are growing in
synergy. Economic and population effects are positively related to carbon
emissions, while technology effects are negatively related to it, indicating
technological innovations contribute to the reduction of carbon emissions.

Discussion: Some suggestions were proposed to control carbon emissions with
a view to helping policy makers to formulate relevant policies. The findings
provide a scientific basis and reference for the country to achieve the "double
carbon” target and the low-carbon sustainable development of BRI.
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1 Introduction

The increase in population expansion and economic
development has led to a rise in global greenhouse gas emissions,
contributing to the increasing global temperature (Rehman et al.,
2022). The sixth report of the United Nations Intergovernmental
Panel on Climate Change (IPCC) stated that the global average
temperature in 2022 has increased by 1.1°C compared to 1850-
1900, especially in terrestrial ecosystems and high latitudes of the
northern hemisphere. Increased global warming has led to melting
polar glaciers, rising sea levels and frequent extreme weather events
(Mattingly et al., 2023), seriously accelerating species extinction and
threatening human survival and development (Marzeion et al,
2018; Mardani et al., 2019). Global carbon dioxide (CO,)
emissions have reached 38 billion tons in 2019 (Mattingly et al,
2023). Anthropogenic greenhouse gas emissions, such as fossil fuel
combustion and land use change, have a significant impact on
global warming (Rehman et al.,, 2022; Mattingly et al., 2023). In
1992, the world adopted the United Nations Framework
Convention on Climate Change (UNFCCC), which agreed to
“control the concentration of greenhouse gases in the atmosphere
and avoid dangerous interference with the climate system” in order
to effectively address the adverse effects of global warming on
human society. The United Nations Framework Convention on
Climate Change Subsequently, in the 1997 Kyoto Protocol, the
Parties further proposed the magnitude of greenhouse gas
emission reductions and short-term reduction targets at the
global level (Jackson et al., 2016). However, it remains a challenge
to balance regional and national interests for reducing carbon
emissions in the Kyoto Protocol’s “top-to-down” responsibility.
How to tackle global warming has also changed from an
environmental issue to an inter-regional and inter-ethnic
political issue.

As the world's largest developing country and promoter of the
Belt and Road Initiative (BRI) with a vast territory and a large
population (Huang et al., 2022a), China joined the United Nations
Framework Convention on Climate Change in 1992 to address
climate change. This framework has proposed many policies and
measures to control carbon emission and established a national
coordination mechanism to address climate change (Yang et al,
2019). In 2007, it issued China's National Climate Change Program,
which is the first comprehensive policy and a national plan for
climate change in China (Liu et al, 2022). In June 2015, China
submitted its report “Enhanced Actions on Climate Change: China's
Intended Nationally Determined Contributions” to the Convention
Secretariat, clearly stating that China will achieve controllable total
carbon emissions in an autonomous manner and peak by 2030,
which is called “Peak carbon dioxide emissions” (Zhou, 2015). In
this plan, carbon intensity, the CO, emissions per unit of GDP, will
fall by 60~65% in 2030 compared to 2005, primary energy
consumption will decrease around 20%, and forest stock volume
will increase by 4.5 billion m?, all of which indicate that China has
made significant progress in risk assessment and optimal
governance (Yang et al., 2019; Liu et al., 2022). Meanwhile, China
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has made great efforts to achieve the goals of the United Nations
Framework Convention on Climate Change and has been
appreciated by the international community (Yang et al, 2019;
Pettorelli et al., 2021). Additionally, China has also promoted the
green development of BRI, creating important opportunities for
global carbon reduction and effective response to climate change
(Huang et al., 2022a). However, China has recently remained the
world"s largest carbon emitter, accounting for 28.8% of the world"s
total carbon emissions from energy sources. China is still facing
significant pressure to reduce its emissions.

How to reduce carbon emissions and achieve the “double carbon”
target is a hot topic, and some progress has been made to achieve
carbon neutralization (Liu et al., 2022; Wang et al., 2023). Some studies
(such as Cai et al.,, 2020; Qian et al., 2021) pointed out that the Chinese
industry has already achieved an intensive transformation, driven by
technology, energy and capital. Energy saving is a key solution for
controlling carbon emissions. Some studies (such as Tian et al., 2019;
Zhang et al, 2021; Zheng et al, 2021) documented the effects of
economic scale, industrial structure, and technology on carbon
intensity change, and proposed that the low-carbon development is
the fundamental way to reduce carbon emissions (Wang et al., 2023).
However, while these studies often concentrate on one particular aspect
of emission reduction or a regional scale of emission reduction, there
are relatively few that systematically assess China's existing
contribution to reducing emissions, and much variation in the extent
and direction of the impact of various drivers on carbon emissions (Liu
et al, 2022). Therefore, it is urgent to fill this gap and provide a
scientific basis and reference for relevant policy formulation.

The Logarithmic Mean Divisia Index (LMDI) model is widely
adopted to demonstrate the carbon emission driving mechanism
and forecast carbon emission (Ang and Liu, 2006). The LMDI
decomposition method is usually used to decompose the CO,
emission growth rate (Zhang et al., 2020). It was to decuple the
China's energy consumption into 11 drivers during 1995-2007,
demonstrated their spatial and temporal variations and calculated
the relative contributions of these drivers to carbon emission (Wang
et al., 2010). Meanwhile, the LMDI model was used to decompose
carbon emissions and found that the economic effect was the main
positive driver, while the energy effect was the main negative driver
(Zhang et al., 2020). It was used to demonstrate the relationship
between lower per capita emission and higher energy consumption
in India (Ramachandra and Shwetmala, 2012), indicating the main
factors of increasing total carbon emissions were lower energy
efficiency and emission reduction policies. Moreover, a stochastic
special form was derived from the LMDI model and could realize
the analysis of the induvial effects of wealth, population, technology
and other variables on the environment by eliminating the impacts
caused by the changes in these independent variables (Wang et al.,
2010; Zhang et al., 2020).

The new economic development model applies the low carbon
economic theory to various human activities and transforms the
traditional economic development model into a new low-carbon
economic model (Wang et al.,, 2010; Liu et al., 2022). Although there
are more studies on carbon emissions concerning low-carbon
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development models, the data analysis is relatively homogenous
and the carbon emission driving mechanism remains unclear. In
this paper, we collected carbon emission data in China from 2000-
2019 to analyze the spatial and temporal variations by the hotspot
analysis. Meanwhile, the LMDI model analysis was used to
demonstrate the driving mechanism of carbon emissions, and
then suggestions were proposed for China's low carbon
development model.

2 Materials and methods
2.1 The study area

In this paper, the mainland area of China, excluding Hong Kong,
Macao and Taiwan, was selected as the study area (Figure 1). China is
a vast country with many plains in the east and many plateaus and
mountains in the west. The eastern part of China has a monsoon
climate (which can also be divided into subtropical monsoon climate,
temperate monsoon climate and tropical monsoon climate), the
northwestern part has a temperate continental climate, and the
Qinghai-Tibet Plateau has an alpine climate. From south to north,
there are tropical, subtropical, warm temperate, middle temperate,
cold temperate and Qinghai-Tibet Plateau zones. The population is
becoming increasingly sparse from the southeast coast to the
northwest interior. The population distribution is extremely
unbalanced, with the population mostly concentrated in the
southeastern region and sparsely scattered in the northwest. Due to
the variations in climate, economy and population, we divided the
study area into eight sub-regions (Table 1).

10.3389/fevo.2024.1338742

2.2 Data sources

Carbon emission data in China from 2000-2019 was obtained
from the China Carbon Accounting Database (CEADs).
Meanwhile, total energy consumption, population, nominal GDP,
the consumer price index (CPI), forest area, energy processing and
conversion efficiency, industrial structure and energy structure data
were obtained from the China Statistical Yearbook (2001-2020).

Considering inflation, real GDP was generated by using the CPI
to adjust the nominal GDP. GDP of 2000 was used as a calibration,
and we set the CPI of 2000 to 100, then applied the Equation 1 to
calculate the real GDP from 2001 to 2019.

100

GDP; = nominal GDP; x ——
CPI,

100
>< >< “ee
CPI,_,

100
X
CPLgo

Where GDP; is real GDP in the i-th year, the nominal GDP; and
CPI; both are collected from the statistical yearbooks in the i-th year.
The CPL,q is the CPI in 2000 and equals 100.

We used three carbon emission indicators, namely total carbon
emission, carbon intensity (the ratio of carbon emission to real
GDP, t/10000 yuan) and carbon emission effect, to comprehensively
and systematically evaluate carbon emission in China.

2.3 Methods

2.3.1 LMDI model

The LMDI model proposed by Ang (2005), has the following
advantages: (i) avoiding the effects of residual terms in the factor
decomposition of the LMDI; (ii) the additive properties for the
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FIGURE 1
The study area and sub-regions
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TABLE 1 Sub-regions for analyzing the spatial difference of
carbon emission.

Sub-region Province

Northeast Region Liaoning, Jilin, Heilongjiang

North Coastal Region Beijing, Tianjin, Hebei, Shandong

Eastern Coastal Region Shanghai, Jiangsu, Zhejiang

Southern Coastal Region Fujian, Guangdong, Guangxi, Hainan
Middle Yellow River Region Shanxi, Henan, Shaanxi, Inner Mongolia
Middle Yangtze River Region Anhui, Jiangxi, Hubei, Hunan
Southwest Region Chonggqing, Sichuan, Guizhou, Yunnan

Great Northwest Region Tibet, Gansu, Qinghai, Ningxia, Xinjiang

factor decomposition, i.e. InDyy; = InD, + InD,, + ... + InD,,; (iii)
correspondence relationship between the additive and
multiplicative decompositions, which can be converted to each
AV, /InDyy, = AV /InDy; (iv) the
additive decomposition model is more suitable for quantitative

other, i.e. for all k, there is

indicators and the multiplicative decomposition model is more
suitable for intensity indicators (Ang, 2005).

In these equations, V'is the decomposed quantity, and # denotes
the influencing factor of V. The exponential decomposition can be

defined as V =x; -x; - ... - x,, i.e. The change in V in period 0 is
VO=xY.x3-...-x% and the change in V in period t is V' =
x} x4 -...-xl, and the additive model is more suitable for

quantitative indicators Using the additive decomposition model,
the change difference can be decomposed as Equation 2.

AV =V, =V =AV, 1 + AV, + ... + AV, )

According to the above equations, the effect of the k-th factor
can be expressed as Equation 3.
V=V, X
L0 p TR 3)

V=t 0
* v, = InV, Xio

According to the LMDI decomposition model, the total carbon
emissions can be decomposed into C; by Equations 4 and 5.

C; Ec; GDP;
X X

;= — X P
ECi GDP, pi

i (4)

Ci=G; xT; xY; xP; (5)

And the C/Ec; is defined as G;, which is the carbon emissions
from the average energy consumption, depending on the energy
structure. The Ec;/GDP; is defined as Tj, which is the amount of
energy consumed by the average real GDP, depending on the level
of technology. The GDP;/P; is defined as Y;, which is the amount of
real GDP per capita, depending on the level of the economy. And P;
denotes the total population at the end of the year, depending on the
level of population.

The carbon emissions in the t-th period can be expressed as
Equation 6 according to Equation 5.

ACy; = C; - Cy = ACg + ACy + ACy + ACp (6)
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Where ACg; is the structural effect, reflecting the contribution of
the energy consumption structure to the carbon emissions; ACr is
the technological effect, reflecting the contribution of the intensity
of energy use to the carbon emissions; ACy is the economic effect,
reflecting the contribution of the level of the economy to the carbon
emissions; and ACp is the population effect, reflecting the
contribution of population size to the carbon emissions.

Moreover, we defined W = ﬁ, and then generated AC; =
Win g_ ACy = Win Tl ACy = Wln% (a) and ACp = wzn;;;.

2.3.2 Conceptual model of carbon emission

Referring to the empirical analysis of carbon emission models
(Tang et al., 2011), we constructed the following conceptual models
by Equations 7, 8 and 9.

Ci = (E, Y3, S Ny) (7)
Cl; = (S;, Py, Fy, Et;, Ny) (8)
AC; = (Y, T, G;, Py) )

where C; denotes the total carbon emissions in the i-th year,
using carbon emissions data from the CEADs China Carbon
Accounting Database from 2000-2019. CI; denotes the carbon
intensity in the i-th year, using the ratio of carbon emission to
real GDP. AC; denotes the carbon emission effect in the i-th year. E;
denotes energy consumption in the i-th year, using data on total
national energy consumption. S; denotes the industrial structure in
the i-th year, using the share of secondary and tertiary real GDP in
total real GDP. N; denotes the energy mix in the i-th year, using the
share of non-fossil energy consumption in total energy
consumption. F; indicates forest resource endowment in the i-th
year, using the national forest area data. Et; denotes the energy
processing conversion efficiency in the i-th year. Y; denotes the level
of economic development in the i-th year, using real GDP per capita
data. T; denotes the level of technology in the i-th year, using the
average real GDP energy consumption measure. G; indicates the
level of energy mix in the i-th year, using carbon emissions per unit
of energy consumption. P; indicates the population level in the i-th
year, using national year-end population data.

2.3.3 Spatial hotspot analysis

The spatial variation of carbon emission was analyzed by spatial
analysis for 31 provinces, and the temporal variations carbon
emissions was analyzed through trend analysis for the carbon
emission data from 2000 to 2019. Spatial hotspot analysis is a
common method for measuring spatial relationships (Hou et al.,
2019; Cheng et al, 2023), and could indicate the clustering of
locations and intensities. It was used to investigate the regional
spatial dependence of carbon emission changes from 2000 to 2019.
Spatial clustering relationships are measured by z scores and p
values (Cheng et al., 2023). Higher (or lower) z scores indicate
stronger clustering, while z scores close to zero indicate no
significant spatial clustering, which is recorded as insignificant
clustering. Hot spots, which denote spatial clustering, indicates
high values with higher z scores and smaller p values. In contrast,

frontiersin.org


https://doi.org/10.3389/fevo.2024.1338742
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Huang et al.

cold points, which are also spatially clustered, indicate low values
with lower z scores and smaller p values.

2.3.4 Spatial regression analysis

In this study, we adopted ordinary least squares model (OLS),
spatial lag model (SLM), spatial dubin model (SDM) and spatial error
model (SEM) to conduct spatial regression analysis based on Equations
10 and 11 (Huang et al., 2022b). The OLS is widely used, but it ignores
the potential spatial effects, which could lead to an incomplete
explanation of the regression results (Beale et al., 2010). The SDM is
a combined extension of the spatial lag model and the spatial error
model, which can be set up by adding corresponding constraints to the
spatial lag model and the spatial error model. The SLM assumes that
spatial autocorrelation occurs in the dependent variable (Wang et al,,
2019). It not only emphasizes the neighborhood effect, but also
considers the phenomenon of spatial diffusion (the spillover effect) in
the dependent variable across geographical units. The SEM mainly
considers the neglected and unobserved spatial interdependencies
between variables (Wang et al., 2019).

Yit = Wig-1 + PW:'}’t + X B+ di XS+ ui+ 7+ & (10)

& = lm;&‘i + Vit (11)

where y;,_; is the first-order posterior variable of the variable y;;
diX,6 denotes the spatial lag of the independent variable; d; is the

10.3389/fevo.2024.1338742

row i of the relative spatial weight matrix D; 7 denotes the time
effect; m; is the row i of the spatial weight matrix M in the
interference error term, and g; is the interference error term. ¢
denotes a temporal cross section, and Subscript i refers to a cross
section in the panel data. The above formula is a general form of
spatial regression modeling: the spatial panel model, but since the
spatial panel model is not representative, the following cases are
usually considered.

If A = 0, then the model is spatial dubin model (SDM).

If 7 =0, 8 =0, then the model is spatial autocorrelation
model (SAC).

If =0, 6 =0, then the model is spatial lag model (SLM).

If 7=p =0, and 6 = 0, then the model is spatial error
model (SEM).

3 Results
3.1 Temporal dynamic of carbon emission
China's total carbon emissions increased from 3003.43 Mt in

2000 to 9794.76 Mt in 2019 (Figure 2). The increase rate of carbon
emission between 2000 and 2019 was 226.12%, which can be
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FIGURE 2
Carbon emissions of China from 2000 to 2019.
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broadly divided into three stages. The first is the rapid growth stage
during 2000-2013, when carbon emissions increased by more than
5%/yr. The second is the short-rebound stage during 2014-2015,
with carbon emissions showing a decrease in the range of 1% to 2%/
yr. The third is the slow growth stage during 2016-2019, when
carbon emissions increase by around 1.5%/yr. In terms of sub-
regions, All sub-regions show an increasing trend in carbon
emissions, the contribution rate of carbon emissions during 2000-
2019 is the highest in the North Coastal Region, followed by the
Middle Yellow River Region, and the lowest in the Great Northwest
Region. Carbon emissions from all regions increased from 2000 to
2019, but the increase rate decreased over the years.

However, China's carbon intensity decreased from 2.98 t/10,000
yuan in 2000 to 1.53 t/10,000 yuan in 2019, with a decrease rate of
48.84%. The change in carbon intensity also could be divided into
two stages: the first stage is the fluctuating change during 2000-
2005; the second stage is the stable decline stage during 2006-2019,
with a decrease rate around 5%/yr. In terms of sub-regions
(Figure 3), the carbon intensity of all regions shows a decreasing
trend excluding Great Northwest Region. The Northeast Region,
the Great Northwest Region and the Middle Yellow River Region
are the three regions with the higher average carbon intensity, while
the Eastern Coastal Region is the region with the lowest average

10.3389/fevo.2024.1338742

carbon intensity. Regarding the decline, except for the Great
Northwest Region where the carbon intensity has changed
significantly, the decline of carbon intensity in other sub-regions
has gradually stabilized, among which the Middle Yellow River
Region and the Southwest Region have experienced the largest
decline in carbon intensity.

3.2 Spatial variations of carbon emission

The spatial distribution of China's carbon emissions in 2019
(Figure 4) presented increasing first and then decreasing from
southwest to northeast, with Hebei, Shandong, Jiangsu and Inner
Mongolia as representatives of heavy emitting regions, all with
carbon emissions exceeding 750 Mt carbon, followed by Shanxi,
Henan, Guangdong, Liaoning and Xinjiang, which are medium
emitting regions. Compared with the carbon emissions of sub-
regions in 2019, Liaoning Province in the Northeast Region emitted
533 Mt carbon, making it the largest carbon emitter in the
Northeast Region. In the Northern Coastal Region, Shandong
Province and Hebei Province are the main carbon sources,
emitting more than 900 Mt carbon. In the Eastern Coastal
Region, Jiangsu Province emitted more than 800 Mt carbon. In
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FIGURE 3
Carbon intensity of China and sub-regions from 2000-2019.
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Spatial distribution of carbon emissions in 2019 in China.

the Southern Coastal Region, Guangdong Province is the main
emitter, with more than 500 Mt carbon. In the Middle Yellow River
Region, Inner Mongolia is the main carbon emission source,
emitting nearly 800 Mt carbon. In the Middle Yangtze River
Region, all provinces emitted about 300 Mt carbon. In the
Southwest Region, all provinces emitted a small amount of
carbon, with the highest value being 315 Mt in Sichuan. In the
Great Northwest Region, the main source of carbon is the Xinjiang
Uyghur Autonomous Region, emitting 455 Mt carbon.

Carbon emission change from 2000 to 2019 was divided into
four stages: 2000-2005, 2005-2010, 2010-2015 and 2015-2019,
and the spatial hotspot analysis was performed (Figure 5). From
2000 to 2005, the carbon emission change rate was higher in
northern China (Figure 5A1). And the corresponding hotspots
were clustered in North Coastal Region and Middle Yellow River
Region (Figure 5B1), indicating a significant increasing trend of
carbon emissions, and a significant spatial clustering in the North
Coastal Region and Middle Yellow River Region. From 2005 to
2010, carbon emissions in Inner Mongolia, Shandong, Henan and
Liaoning changed significantly, and the hotspots shrank towards
the center of the North Coastal Region (Figures 5A2, B2). During
2010-2015, only Xinjiang and Jiangsu Province showed a sharp
increase in carbon emissions, while Henan and Hubei showed a
negative growth trend, with insignificant change in other regions,
and the hotspot analysis results also showed an insignificant
spatial clustering effect (Figures 5A3, B3). From 2015 to 2020,
the carbon emission did not change obviously except for Inner
Mongolia and Hebei (Figures 5A4, B4). Sichuan, Chonggqing,
Henan and Heilongjiang showed a negative increase, and the
hotspot map exhibited a significant spatial aggregation. The
hotspots still concentrated in Inner Mongolia and Liaoning and
spread to northern China, while the cold spots concentrated in
Sichuan, Jiangxi and Hunan, showing obvious spatial
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aggregation, while other regions did not present a significant
aggregation effect.

3.3 Spatial regression analysis

Spatial regression analysis was conducted to determine the
spatial effects of carbon emission changes from 2000 to 2019
(Table 2). The spatial autocorrelation test of carbon emissions
showed that the Moran’l was 0.211. And the spatial
autoregressive coefficients rho for both SDM and SLM were
negative, with p-values close to 0.1. Therefore, carbon emissions
have a negative spatial spillover effect at the 90% significant level.
According to R? and AIC (the information criterion of Akaike), the
SLM and SEM are more suitable than the SDM. Among these
spatial regression models, the fitness is the highest and the AIC is
the lowest for the SEM. The coefficients of the total energy
consumption and real GDP are statistically significant at the 99%
significant level, and their estimated value are 0.134 and 0,025,
respectively. Meanwhile, the relationship between carbon emission
change and the population is significantly negative with a regression
coefficient value of -0.022 (p< 0.05).

3.4 Decomposing the effects of
carbon emission

China's total carbon emissions, real GDP, population size and
total energy consumption are growing in synergy from 2000 to 2019
(Figure 6). In particular, the real GDP increase could be divided into
two stages, with 2004 as the folding point. The average annual
growth rate of real GDP remained at around 3% during 2000-2003
and 2011-2019, and was about 10% during 2004-2010. The growth
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of total energy consumption can be divided into two phases, the first
phase during 2000-2011 with an average annual growth rate of
around 9%, and the second phase during 2012-2019 with an average
annual growth rate of around 3%. Combined with total carbon
emissions from 2000 to 2019, China's economy grew rapidly and
the average annual growth rate of real GDP was higher than the
growth rate of total carbon emissions.

The energy emission factor, energy intensity and real GDP per
capita from 2000 to 2019 were calculated (Figure 7). Real GDP per
capita has continued to grow and the interannual growth rate has
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also been rising, indicating that China's social living standard is
constantly improving. Meanwhile, energy emission factor is
relatively stable, fluctuating around a factor of 2.1. Energy
intensity was generally on a downward trend, and the reduction
rate increased significantly after 2005, and was less than 1 in 2008,
indicating that China's energy conservation and emission reduction
work is still effective and the level of energy-saving technologies
is improving.

China's carbon emission continued to grow from 2001 t02013,
reaching a peak in 2011 with an increase of 837.01 Mt compared to
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TABLE 2 Spatial regression analysis of carbon emission change between 2000 and 2019 by using SDM, SEM and SLM.

SDM

Variable Standard

error

Coefficient

Coefficient

SEM SLM

Standard

Standard error
error

Coefficient

Energy consumption 0.0132 0.001 0.134** 0.010 0.013** 0.010
Real GDP 0.025** 0.001 0.021** 0.021 0.002** 0.001
Population -0.02 0.153 -0.022* 0.113 -0.027* 0.012

rho -0.122 0.168 -0.068 0.049
lambda -0.248 0.155
R 0.757 0.826 0.778

The queen spatial weight matrix was used in the spatial regression analysis, ** indicates p<0.01; * indicates p<0.05.

the previous year (Table 3). Subsequently, from 2014 to 2016, there
was a reduction in the magnitude of carbon emissions, with the
maximum decrease occurring during 2014-2016 at 197.78 Mt
carbon. From 2017 to 2019, the carbon emissions increased at an
annual rate of 197.5 Mt. In total, carbon emissions have increased
by 6791.33 million tons over these two decades. China's total carbon
emissions were impacted by structural effect, technological effect,
economic effect and population effect. The effect values from 2000
to 2019 were decomposed by the LMDI model (Table 3). The
economic effect, structural effect and population effect all
contributed to the increase of carbon emissions from 2000 to
2019. Among them, the economic effect that the growth of
economic development level, contributed 8530.49 Mt carbon,
accounting for 91.41% of the growth of carbon emissions. And
the structural effect that the adjustment of energy structure,
contributed 382.12 Mt carbon, accounting for 4.10% of the
growth of carbon emissions. Population effect, namely population

growth, contributed 419.17 million tons of carbon emissions, or
4.49%. The technological effect, namely the change in energy
intensity, reduced carbon emissions by 2540.46 Mt from 2000 to
2019, indicating that the technological innovation would impact
carbon emission significantly and is a negative driver of carbon
emissions growth in China.

4 Discussion

4.1 Driving mechanisms of
carbon emissions

The fluctuation in carbon emission rates from 2000 to 2019
highlights the manifold driving forces behind these changes.
Economic development emerges as a major contributor, with real
GDP growth correlating with heightened energy consumption,
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consequently elevating emissions. Population dynamics also play a
pivotal role; expanding populations drive up energy and resource
demands, thereby accelerating carbon emissions. Moreover,
technological innovations play a crucial role in curbing carbon
emissions by moderating emissions per unit of energy utilized. In
summary, the impacts of technological, structural, economic, and
demographic factors on carbon emissions are intricate.
Technological influence manifests through the adoption of
innovative technologies, directly impacting energy efficiency and
the adoption of cleaner energy sources. Structural factors primarily
involve shifts in economic paradigms, where different industry
developments may either amplify or alleviate carbon emissions.
Economic aspects significantly influence carbon emissions, given
the typical correspondence between economic growth and
heightened energy needs. Population dynamics exert a profound
influence on resource and energy requisites, potentially heightening
consumption and emissions due to population growth. These
factors intricately interweave, collectively shaping the fluctuations
observed in carbon emissions.

4.1.1 Technological effects

The energy intensity presented an overall decreasing trend from
2000 to 2019 in China (Figure 6), indicating a continuous
improvement in energy use efficiency due to technological
advances. Energy intensity is a key indicator for measuring the
input-output characteristics of energy system (Faridzad et al., 2020),
and the overall efficiency of energy and economic activities is
reflected by energy consumption per unit of GDP, with lower
intensity values indicating more efficient energy use (Wang et al.,
2019; Xu et al, 2019). The energy intensity could reduce carbon
emissions during 2000-2014 and 2017-2019 (Table 3). Therefore,
the technological progress is the key measure to curb carbon
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emissions, and the efficient use of clean energy such as solar,
hydro, wind, geothermal, tidal, bio, and nuclear energy is also an
effective way to reduce carbon emissions (Xu et al., 2019).

4.1.2 Structural effects

In terms of structural effects, the change in carbon emissions
caused by the adjustment of energy consumption structure is not
significant (Table 3). The restructuring of energy consumption
contributed to 382.12 MT of carbon emissions from 2000-2019.
After 2015, there are several years that carbon emissions have a
negative driving effect. The energy emission factor in 2000 and 2019
was stable (Figure 7), indicating that energy consumption and
carbon emissions generated by China's rapid urbanization and
industrialization have been eftectively curbed (Wang et al., 2019).

4.1.3 Economic effects

GDP per capita is an important indicator for measuring the
macroeconomic development of a country or region, reflecting the
average level of production and living services (Huang et al., 2022a).
Economic strength is the basis of a country's development.
Meanwhile, developing production is an important way to
improve the economy (Cai et al, 2020). The development of
production requires the use of energy, which inevitably leads to
an increase in carbon emissions (Haberl et al., 2020). The economic
effect contributes 8530.49 Mt of carbon emissions (Table 2),
accounting for 91.41% of the total effects. It shows that the trends
in the economic and carbon effects are generally consistent
(Figure 7), suggesting that the economic effect is a key driver of
carbon emissions.

Economic development increases the total amount of carbon
emissions, while technological advances and clean energy
development require strong economic strength to support (Qian
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TABLE 3 Additive decomposition results of LMDI.

10.3389/fevo.2024.1338742

Period Total effect (AC) Structural Technological Economic Population
effect (Cg) effect (Ct) effect (Cy) effect (Cp)
2000-2001 246.72 69.33 -135.32 290.98 21.72
2001-2002 221.98 2.9 -76.6 275.17 20.51
2002-2003 612.19 27.81 -41.56 587.29 38.65
2003-2004 611.49 -3.01 -39.26 619.16 34.59
2004-2005 702.47 12.68 -57.83 710.27 37.35
2005-2006 610.43 229 -100.82 656.26 32.09
2006-2007 537.59 194 -164.6 654.07 28.71
2007-2008 214.72 8.3 -99.68 293.74 12.36
2008-2009 572.66 41.97 -267.56 765.17 33.08
2009-2010 570.87 41.28 -303.37 799.72 33.25
2010-2011 837.01 78.34 -480.4 1190.11 48.96
2011-2012 338.99 30.57 -206.6 493.6 2142
2012-2013 453.69 4416 -288.15 667.9 29.78
2013-2014 -82.96 -5.55 57.09 -128.53 -5.97
2014-2015 -197.78 7.4 148.11 -323.11 -15.37
2015-2016 275 0.06 2.22 4.67 023
2016-2017 151.92 132 -130.79 268.14 13.25
2017-2018 212.95 -0.44 -191.53 386.02 18.9
2018-2019 173.64 25 -159.38 319.85 15.67
2000-2019 6791.33 382.12 -2540.46 8530.49 419.17

et al., 2021; Liu et al., 2022). How to reconcile the relationship
between national economic development and environmental
protection has always been a hot topic (Huang et al, 2022a;
Cheng et al,, 2023). Therefore, many papers (such as Mardani
etal, 2019; Wang et al., 2019; Xu et al., 2019) supported that carbon
intensity is an important indicator to reveal the degree of
coordination between the economic development capacity and
CO, emissions in a certain country or region.

4.1.4 Population effects

China is the most populous country in the world, and the
impact of population growth on carbon emissions cannot be
ignored (Tang et al., 2011; Huang et al, 2022a). China's
population growth contributes a smaller portion of carbon
emissions and plays a positive driving role (Table 2), which may
be caused by urbanization, urban population expansion, and the
popularity of transport in China (Yang et al., 2019; Cai et al., 2020).
Due to the introduction of relevant environmental protection
policies in China after 2014 (Liu et al., 2022), its contribution to
carbon emissions has decreased slightly. To maintain this good
effect, the government should strengthen its publicity on
environmental protection, raise the awareness of environmental
protection of the whole population and build a green and
harmonious society (Wang et al., 2019; Qian et al., 2021).
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4.2 Suggestions for controlling
carbon emission

Given current energy structure and consumption patterns,
Chinese carbon emissions are expected to continue rising (Yang
et al, 2019). Achieving the “double carbon” target and fostering
high-quality development for the Green BRI places a significant
responsibility on China to reduce energy consumption (Huang
et al., 2022a). It is crucial to strike a balance between economic
development and environmental protection (Tian et al., 2019;
Huang et al., 2022b). Here, specific measures are outlined to help
build ecological civilization and promote green and
sustainable development.

(1) Area allocation

Currently, carbon emissions are unevenly distributed (Figure 4).
It requires a rational allocation of carbon emission rights
(Figure 8A). In addition, the income of developing regions and
low and middle-income households could be increased through
inter-regional and inter-household trading of carbon emission
rights (Yang et al., 2019). It can not only be conducive to better
control of greenhouse gas emissions (Xu et al., 2019), but also fill the
gap between developed and developing regions, as well as high-
income and low and middle-income households, contributing to
achieving the goal of common prosperity (Wang et al., 2019; Zhang

frontiersin.org


https://doi.org/10.3389/fevo.2024.1338742
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Huang et al.

et al, 2021). However, the complexity of calculating the historical
carbon emissions makes it difficult to allocate the limited carbon
credits fairly and reasonably among regions and households
(Mattingly et al, 2023), as well as to establish a market
mechanism for carbon emissions trading between regions and
households (Huang et al., 2019). This paper is still at the
conceptual or initial stage of exploring the above issues, and
research on related issues still needs to be further advanced
(Cheng et al., 2023). Some areas are ecological barrier areas and
some are ecological beneficiary areas (Cai et al., 2020). The principle
of compensation is that provinces whose carbon sources are greater
than their carbon sinks buy carbon credits from provinces whose
carbon sources are smaller than their carbon sinks at a certain price
(negotiated by both sides or set by the state), thus ensuring a relative
balance of the economic and ecological benefits for each province
(Faridzad et al., 2020; Cheng et al., 2023).

(2) Economic development

Economic level plays a major role in carbon emission growth,
and is also the lifeblood of national development (Mardani et al.,
2019). Without compromising the rate of economic development, it
is necessary to accelerate the transformation of the economic model
based on fossil energy consumption, as well as develop a green low-
carbon economy and achieve a low-carbon economic development
model (Figure 8B). Meanwhile, the population policy should be
reasonably adjusted under national conditions, so as to achieve a
population peak at an early date on the premise of ensuring an
adequate labor force and a good population structure (Rehman
et al., 2022), which will in turn promote a carbon peak. On the one
hand, it is necessary to strengthen publicity on the low-carbon
environment, and promote low-carbon travel and green living (Li
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et al.,, 2021). On the other hand, citizens' awareness of
environmental protection needs to be improved to create an
ecologically civilized society (Qian et al, 2021; Rehman et al,
2022). This entails more economic output through less natural
resource consumption and environmental pollution (Jackson et al.,
2016), and a low-carbon economy is an advisable way to create
higher standards of living and a better life quality.

The role of industrial structure on carbon emissions should not
be underestimated. Industry accounts for more than 85% of carbon
emissions across all sectors (Wang et al., 2023). The industrial
sector is the main object of energy saving and emission reduction,
which is also an important participant in reducing carbon emissions
(Tang et al., 2011). The structure of China's three major industries
should be constantly optimized (Figure 8C). We can strengthen the
electrification of industry and construction, vigorously develop low
energy consumption and high value-added tertiary industries, as
well as green agriculture with the primary industry as the
foundation (Rehman et al., 2022). Moreover, the innovation in
green technologies is rapidly evolving, and examination of emerging
technologies such as next-generation solar cells, bioenergy with
carbon capture and storage (BECCS), and the integration of
renewable energy sources into the existing grid could provide new
pathways for carbon reduction (Tan et al., 2021).

(3) Energy structure suggestions

Energy consumption also plays an important role in carbon
emissions, and it is necessary to promote the transition to cleaner
energy and electrification (Tan et al.,, 2021). The use of non-fossil
energy is also increasing at the same time (Rehman et al., 2022). It is
necessary to develop new renewable energy sources, and improve
the efficiency of green and clean energy use to continue to reduce
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FIGURE 8

Suggestions for constructing ecological civilization and promoting green and sustainable development. (A) Area allocation optimization suggestions.
(B) Economic development optimization suggestions. (C) Energy structure optimization suggestions. (D) Energy consumption reducing suggestions.
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energy intensity (Figure 8D). China's fossil energy resources are
characterized as “coal-rich, oil-poor, and gas-poor”, which
determines that coal is the main source of energy consumption
(Tan et al., 2021; Zuo et al., 2021). The current share of coal in total
energy consumption is nearly 70%, significantly higher than the
international average. The proportion of oil has increased, but it has
not completely replaced coal (Tong, 2021). The coal-based energy
consumption structure is unlikely to change radically in the next
decade, requiring carbon-neutral technologies to reduce carbon
emissions during the combustion process by decarbonizing coal
before consumption (Yang et al., 2019; Pettorelli et al., 2021). In this
pattern, it is necessary to accelerate the development of natural gas
and develop nuclear power appropriately. Additionally, the active
development of hydropower and in-depth development of wind,
solar, hydro, geothermal and biomass, and other renewable energy
sources is also necessary. It will be the main direction of a low-
carbon economy to reduce the proportion of coal in the energy
consumption structure (Zuo et al., 2021).

Overall, it is complex and multifaceted for the relationship between
economic growth and environmental protection. Historically,
economic growth has been closely associated with resource
consumption, energy demand, and environmental impacts. In some
cases, an excessive pursuit of economic growth may lead to
overexploitation of natural resources, environmental pollution, and
ecological degradation. However, moderate economic growth can also
promote environmental protection and sustainable development.
When countries or regions implement environmentally friendly
policies and invest in clean technologies and renewable energy,
economic development and environmental protection can
complement each other. Effective environmental protection measures
can enhance ecosystem stability, reduce waste of natural resources, and
foster long-term economic sustainability. In today's world, an
increasing number of countries and regions recognize the synergies
between economic growth and environmental protection. The concept
of sustainable development emphasizes the protection of
environmental resources while fostering economic growth to ensure
the survival and development of future generations. Thus, achieving a
proper balance between economic growth and environmental
protection is a crucial issue in global sustainable development today.

4.3 Limitations and prospects

While our findings offer valuable insights into the carbon
emission dynamics in China and the effectiveness of various
interventions, there are still some limitations and uncertainties
inherent. First, the LMDI model, while robust, has its own set of
limitations. It assumes that the influence of the decomposed factors
is independent and linear, which may not fully capture the complex,
non-linear interdependencies between economic growth, energy
consumption, and carbon emissions (Ang, 2005; Ang and Liu,
2006). Second, our carbon emission data is obtained from
CEADs, and any inaccuracies in the database directly affect the
findings. Additionally, the lack of data granularity, especially in
sector-specific emissions and regional energy consumption, can
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limit the depth of analysis. Third, this study assumes a constant rate
of technological innovation over the study period, which does not
account for the potential acceleration or deceleration in
technological advancements that could significantly influence
energy intensity and emission factors (Tian et al., 2019). Last, the
spatial analysis is based on provincial-level data, which may mask
sub-regional disparities, and the temporal analysis does not account
for future changes in regional development patterns that might arise
from urbanization trends or economic shifts (Pettorelli et al., 2021).

The future low-carbon development and carbon emission
reduction in China holds multiple dimensions that need to be
explored to enrich understanding and improve practical
applications (Faridzad et al., 2020; Cheng et al., 2023). First, it
should aim to refine the existing models, incorporate more detailed
and higher-quality data, and consider a broader range of factors to
enhance the understanding of carbon emission dynamics in China
and beyond (Wang et al., 2019). Second, an interdisciplinary
approach combining economics, environmental science, and
technology studies is essential to grasp the full scope of factors
influencing carbon emissions (Mattingly et al., 2023). Some
advanced econometric models and machine learning algorithms
could integrate to unravel the complex non-linear relationships
between economic growth, energy consumption, and carbon
emissions. Third, sector-specific studies should delve deeper into
industrial, agricultural, and service sectors to tailor carbon
reduction strategies effectively (Rehman et al., 2022), which could
involve examining the potential for carbon capture and storage
technologies in heavy industries (Paltsev et al., 2021), sustainable
agricultural practices, and energy efficiency in the service sector.
Last, future research should focus on provincial and local levels
considering regional disparities, where policies can be more
targeted and the impact of interventions can be measured more
accurately. Case studies of cities or regions that have successfully
implemented low-carbon initiatives can provide valuable blueprints
for others (Cheng et al., 2023). Moreover, future research need aim
to be predictive, prescriptive, and proactive, providing guidance that
policymakers and stakeholders can rely on to navigate the
challenges of achieving carbon neutrality while fostering
economic growth and social development.

5 Conclusions

As the world's largest developing country and the promoter of
BRI, China accounts for 28.8% of the world's total energy carbon
emissions, threatening regional economic development and
environmental security. To be specific, China faces an urgent task
of addressing climate change and reducing carbon emissions. Some
primary challenges include the transformation of energy structures
and pressures related to economic growth. We evaluated China's
carbon emissions during 2000-2019 using three carbon emission
indicators: total carbon emission, carbon intensity and carbon
emission effect. The results showed that China's total carbon
emissions increased from 3003.43 Mt in 2000 to 9794.76 Mt in
2019, while China's carbon intensity decreased from 2.98 t/
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10000yuan in 2000 to 1.53 t/10000yuan. China's carbon emissions
show a trend of increasing and then decreasing from southwest to
northeast. The heavy emission areas represented by Hebei, Shandong,
Jiangsu and Inner Mongolia all emit more than 7.5 million tons of
carbon, followed by Shanxi, Henan, Guangdong, Liaoning and
Xinjiang. Moreover, the LMDI model revealed that China's total
carbon emissions were influenced by structural, technological,
economic, and demographic effects. Among them, economic,
structural and demographic effects exacerbate the increase of
carbon emissions, while technological innovation contributes to
reduce carbon emissions. Based on our study findings, we have
formulated specific recommendations aimed at curbing energy
consumption and attaining the “double carbon” target. These
results are pivotal in aiding policymakers across China and BRI
nations in fortifying emission reduction strategies within high-
emission sectors and regions, thereby significantly reducing carbon
emissions. This initiative involves fostering technological innovation,
embracing clean energy solutions, and accounting for the influence of
economig, structural, and demographic shifts on carbon emissions to
mitigate the pace of emission escalation. Strengthening these
conclusions through a more integrated synthesis consolidates the
intricate relationship between economic advancement, technological
innovation, and environmental preservation, thereby augmenting the
depth and impact of our study.
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