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The evolution, characteristics,
and driving forces of the
rural-urban HCEs in China: based
on the EIO-SDA model

Yang Yang'*, Meijian Yang?, Jia Luo?, Zhengzao Wang?,
Yuanying Chi** and Yahui Chen?

'College of Economics and Management, Beijing University of Technology, Beijing, China, ?College of
Economics and Management, Anhui Polytechnic University, Wuhu, China

Households' carbon emissions (HCEs) plays an important role in the overall
carbon emission (CE) reduction. This study conducts a comparative analysis of
the trends and characteristics of the rural and urban HCEs in China in 1997-2020,
by applying the environmental input-output (EIO) model. Then, a three-stage SDA
model is applied to decompose the driving forces of the rural and urban HCEs
evolution into population effect, per capita HCEs effect, expenditure effect, CE
intensity effect, energy structure effect, and energy consumption intensity effect.
Itis obtained that the rural HCEs increases before 2015 and then decreases, but its
per capita HCEs has always shown an upward trend. The urban HCEs has been
increasing, but its per capita HCEs starts to decrease after 2015. Indirect HCEs
accounts for over 80% of both the rural and urban HCEs, and Residence, Food
and Tobacco, Transportation and Communication are the three biggest
contributing sectors. To reveal the driving forces of the rural and urban HCEs
evolution, this study conducts phase decomposition analysis with 2015 as a
turning point. For rural HCEs, in 1997-2015, rural HCEs increased due to the
dominant expenditure effect; from 2015 to 2020, the driving force reversed,
leading to a decline in rural HCEs. For urban HCEs, the positive population and
expenditure effects have always been larger than the negative energy structure
and energy consumption intensity effects, resulting growth in urban HCEs. For
urban per capita HCEs, in 1997-2015, the positive expenditure effect is greater
than the negative CE intensity effect, leading to an increase in urban per capita
HCEs, and a positive urban per capita HCEs effect. In 2015-2020, the driving
force reversed, leading to a decline in urban per capita HCEs. Based on above
results, countermeasures to promote rural and urban HCEs reduction are
discussed.

KEYWORDS

households’ carbon emissions (HCEs), evolutionary trend, characteristics, driving forces,
EIO-SDA model

1 Introduction

Greenhouse gas emissions, represented by CO,, are the primary cause of global climate
change. The Paris Agreement (2015) states that to avoid a climate catastrophe, it is
necessary to hold the increase in the global average temperature to well below 2°C
above pre-industrial levels and pursuing efforts to limit the temperature increase to
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1.5°C above pre-industrial levels, and requires that countries achieve
carbon neutrality by the second half of this century. As the world’s
largest emitter of CO,, in 2020, General Secretary Xi Jinping
committed at the general debate of the 75th Session of the
United Nations General Assembly that China would strive to
peak carbon emissions (CEs) before 2030 and achieve carbon
neutrality before 2060 (the dual carbon goals), and has integrated
these goals into the overall planning of social-economic
development and ecological civilization construction, making
them an intrinsic requirement and driving force for high-quality
development in China. For a time, the whole society sparked a
research craze on the implementation path and action plans for
China’s dual carbon goals. Experts and scholars explored coping
strategies from multiple dimensions such as energy transition,
industrial upgrading, and technological innovation (Zhang et al.,
2022; Lin, 2022; Hu, 2021; He et al., 2020; Wang and Zhang, 2020).
However, achieving the dual carbon goals not only requires a
persistent push for innovation and reform in the supply side, but
also calls for attention to the significant role of HCEs. The
“Emissions Gap Report (2020)” published by UNEP indicates
that household greenhouse gas emissions account for about two-
thirds of the total global emissions. “Climate Change (2022):
Mitigation of Climate Change” of IPCC also suggests that
implementing correct policies, infrastructure, and technologies,
and changing lifestyles and behaviors, would reduce greenhouse
gas emissions by 40%-70% by 2050. Thus, the role of HCEs
reduction in the overall CE reduction is evident. Therefore, with
the urgent constraints of global climate change and China’s dual
carbon goals, fully revealing the evolutionary trend and
characteristics of China’s HCEs, clarifying its key driving factors,
and proposing countermeasures to promote HCEs reduction, are
vital to reduce China’s HCEs and promoting the achievement of the
dual carbon goals.

Currently, research on HCEs in China mainly focuses on two
aspects: 1) Accounting and trend analysis of HCEs. For instance, Peng
et al. (2023) analyzed the trend of HCEs in China in 2010-2017, and
concluded that the amount of HCEs in China is gradually increasing,
accounting for approximately one-third of China’s total CEs. Mi et al.
(2020) analyzed the HCEs of different income groups in China in
2007-2012 and concluded that the HCEs from the top 5% high-
income groups accounted for 19% of the total HCEs, while HCEs from
the bottom 50% income groups only accounted for 25% of the total
HCEs. This finding is consistent with the study conducted by
Wiedenhofer et al. (2017). Additionally, Xie et al. (2020) calculated
the direct HCEs in Guangdong province in 1995-2017. Wang and
Yang (2016) analyzed the trend of HCEs in Beijing in 2000-2010. 2)
Examining the driving factors of HCEs in China. One approach
involves using econometric regression models to analyze the main
factors influencing HCEs and the extent of their impact. Zhao et al.
(2023) employed a panel data regression model to analyze the impact
of housing wealth and financial wealth on HCEs in China in
2012-2016, and concluded that housing wealth has an evidently
larger impact on HCEs, almost twice as large as that of financial
wealth. Shi et al. (2020) analyzed the driving forces of indirect HCEs in
China in 2012-2016, and obtained that income, urban or rural
residency, and fuel type are the three most important influencing
factors. Li et al. (2015) analyzed the impact of urbanization on China’s
HCEs and concluded that the direct HCEs and indirect HCEs
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increased by 2.9% and 1.1%, respectively, for every 1% increase in
the urbanization rate. The other approach is to decompose the
evolution of HCEs by applying factor decomposition methods.
Peng et al. (2021) used the SDA model to decompose the
evolution of indirect HCEs in China in 2002-2017 into the effect
caused by change of direct CE intensity, production technology,
consumption structure, propensity to consume, income scale, and
population. They concluded that income scale has always been the
main driving factor promoting CE growth, while direct CE intensity is
the main inhibiting factor. Liu et al. (2019) used the LMDI method to
decompose the evolution of HCEs in China in 2002-2012, they
obtained that per capita consumption is the main factor driving
the HCEs growth, and that the decrease in CE intensity is the
main inhibiting factor. In addition, Fan et al. (2021), Zhao et al.
(2021), Yuan et al. (2019) also analyzed the main driving forces of
HCEs in China.

Existing research plays a significant role in analyzing the trend of
HCE:s in China and its main driving factors. However, it is not hard
to identify following limitations: 1) There is a lack of accounting for
China’s HCEs in long-term and in latest years, which makes it
difficult to uncover the long-term trend and characteristics of its
evolution and the current patterns; 2) In terms of driving factor
decomposition, few studies have conducted phase decomposition,
especially when there has been a significant turning point in the total
or per capita HCEs. Consequently, it doesn’t truly reflect the driving
effects of the influencing factors at different stages. 3) Moreover,
China’s urban-rural dual structure is pronounced, with significant
differences in the total and per capita HCEs, as well as the effects of
driving factors. However, few studies have conducted comparative
analysis of the evolution and driving factors of the rural and urban
HCEs in China, leading to a lack of targetability and effectivity of
countermeasures in urban and rural HCEs reduction.

Aiming at above deficiencies, this study, based on the latest long-
term input-output tables of China in 1997-2020, sectoral energy
consumption data, etc., conducts a comparative analysis of the
evolutionary trends, characteristics, and driving forces of the
rural and urban HCEs in China, by applying the EIO and SDA
(EIO-SDA) model. Consequently, it proposes countermeasures to
promote rural and urban HCEs reduction, which can help the
implementation of China’s dual carbon goals.

2 Methods and data sources

2.1 Methods

To reveal the evolutionary trends of the rural and urban HCEs in
China, the sectoral accounting method provided by IPCC was
applied to account the direct HCEs, and the EIO model was
applied to account the indirect HCEs. Then, the SDA model was
applied to quantify the effects of the driving forces in evolution of the
rural and urban HCEs.

2.1.1 Accounting of HCEs in China
2.1.1.1 Accounting of direct HCEs in China

The direct HCEs is obtained from “China CO, inventory in
1997-2021 (by IPCC Sectoral Emission)” provided by CEADs
(2024). CEADs calculated CEs of 47 sectors, including both rural
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and urban direct HCEs, based on the sectoral accounting method
provided by IPCC, as shown in Equation 1. HCEs, for direct HCEs,
i for energy fuels, E; for energy consumption of energy fuels, y, for
CO, coefficient of energy fuels.

HCEs; = ) u, x E; (1)

2.1.1.2 Accounting of indirect HCEs in China by EIO model
EIO model has been widely used in accounting of indirect HCEs
(Meng et al., 2023; Yang et al., 2022; Jakob and Marchiniski, 2013;
Peters and Hertwich, 2008). It is based on the IO table and take into
account the inter-relationships between economic activities and the
environment. The accounting method is as shown as Equation 2.
HCEsj, for indirect HCEs, (I — A)™! for Leontief inverse matrix,
F,/ F, represent the consumption value matrices for urban or rural
households, respectively, CE,, denotes the CEs of industry m, which
is also obtained from “China CO, inventory in 1997-2021 (by IPCC
Sectoral Emission).” Due to the inconsistency in the number of
sectors in “China CO, inventory in 1997-2021 (by IPCC Sectoral
Emission)” with the number of sectors in China’s input-output
tables, integration of some sectors is required in the accounting
process. To retain as much sectoral information as possible, the
sectors are integrated into 28 categories, as shown in Table Al.

HCEsjg = ) CE, x (I-A)" x (F, | F,) (2)

2.1.1.3 Accounting of total HCEs
The total HCEs equals the sum of direct HCEs and indirect
HCEs, as shown in Equation 3.

HCEs = HCESd + HCESi,,d (3)

2.1.2 SDA decomposition of evolution of HCEs
in China

SDA model is a classic model for quantifying the effect of
evolution of driving factors. It is based on IO table and
decomposes the dependent variable into the product of several
driving factors, and reflects the change of the dependent variable
as the product of the changes of its driving factors. The SDA model
has been widely used in decomposing the evolution of CEs (Yang
et al., 2024; Yang et al.,, 2024; Cheng et al., 2018; Su et al., 2010).

To analyze the driving factors of HCEs, this study employs a
three-stage SDA model, in which, we analyze the driving forces
through a three-stage decomposition. Firstly, the evolution of HCEs
is decomposed into the product of population (P) change and per
capita HCEs (HCEs).) change, as shown in Equation 4. 0 and
1 represent the starting and ending years, respectively.
1/2 x AP x (HCEsp + HCEsp) reflects the change of HCEs
driven by population change, which is referred to as the
population effect. 1/2 x AHCEs,, x (Py + Py) reflects the change
of HCEs driven by change of per capita HCEs, which is referred to as
the per capita HCEs effect.

Secondly, the change of per capita HCEs is decomposed into the
product of change of CE intensity (CO, emissions per households’
consumption expenditure, CI,,) and the change of households’
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consumption expenditure (Ex). 1/2 x ACI,, x (Ex; + Ex)
reflects the change of per capita HCEs driven by CE intensity
change, its effect on HCEs is referred to as the CE intensity
effect. 1/2 X AEx X (Clox + Cl,x) reflects the change of per
capita HCEs driven by households’ consumption expenditure
change, its effect on HCEs is referred to as the expenditure effect.
As shown in Equation 5.

Thirdly, the change of CE intensity is furtherly decomposed into
product of CE coefficient (CC,y) change and change of energy
consumption intensity of households’ consumption expenditure
(Eley). 1/2 x ACCpy X (Elyy + El,y) reflects the change of CE
intensity driven by change of CE coefficient. Since the CC,, is
mainly determined by the energy structure, it effect on HCEs is
referred to as the energy structure effect. 1/2 x AEI.x X (CCpyxo +
CCey1) reflects the change of CE intensity driven by change of energy
consumption intensity, its effect on HCEs is referred to as the energy
consumption intensity effect. As shown in Equation 6.

Based on the three-stage SDA model, we can quantify the
driving effects of changes of population, per capita HCEs, CE
intensity, households’ consumption expenditure, energy structure,
and energy consumption intensity on changes of the rural
and urban HCEs.

The first-stage decomposition:

AHCEs = AP x AHCEs),
=1/2 x AP x (HCEsy + HCEs )
+1/2 x AHCEsy x (P, + Py) )

The second-stage decomposition:

AHCEsy = ACI, x AEx
=1/2x ACL, x (Ex; + Ex,)
+1/2 % AEx x (Clgy + Cley) ()

The third-stage decomposition:

NACI,, = ACC,, X AEI,,
=1/2 x ACCy X (Elox1 + El o)
+1/2 X AEI x (CCpy + CCex) (6)

2.2 Data sources

The input-output tables of China are obtained from the “China
Statistical Yearbook” and includes 10 years of data, 1997, 2000,
2002, 2005, 2007, 2012, 2015, 2017, 2018, and 2020. Since the year
2000 only includes 17 sectors, the coarse industry classification
would lead to significant changes in the direct consumption
coefficients in the input-output table, thereby reducing data
accuracy. Therefore, to ensure the unity of the accounting
process and the reliability and comparability of the results, the
indirect HCEs in 2000 is not accounted. Data of the rural and
population, per capita households’ consumption
expenditure, and sectoral energy consumption are all sourced

urban

from the official website of the National Bureau of Statistics
(2024) of China.
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FIGURE 1

Rural-HCEs, Rural-HCEsj,4, and Rural-HCEs in China in 1997-2020.

3 Results

3.1 Overall trend comparison of HCEs
in China

3.1.1 Trend of rural HCEs in China

In 1997-2020, the rural HCEs in China showed a trend of first
increasing and then decreasing (Figure 1), rising from 625 Mt to
807 Mt in 2015 and then decreasing to 730 Mt in 2020. The per
capita rural HCEs showed a wave-like upward trend, gradually
increasing from 0.74 t in 1997 to 1.43 t 2020. Among rural
HCEs, the proportion of indirect HCEs accounted for about 80%,
which is the main component.

Combining the changes of the rural population (in 1997-2020,
the total rural population in China decreased rapidly from
842 million to 510 million), rural HCEs, and rural per capita
HCEs, it can be observed that, before 2015, the increase in rural

HCEs was driven by the positive effect (+) of the increase in rural per
capita HCEs, which outweighed the negative effect (-) of the
decrease in the rural population. After 2015, the negative effect
(—) of the population decrease exceeded the positive effect (+) of the
increase in rural per capita HCEs, leading to a reduction
in rural HCEs.

3.1.2 Trend of urban HCEs in China

The urban HCEs in China has shown an upward trend,
increasing from 709 Mt in 1997-2,505 Mt in 2020, but the
growth rate has gradually slowed down after year 2015
(Figure 2). The per capita urban HCEs first increased and then
decreased, rising from 1.8 t in 1997 to 2.96 t in 2015, and then
gradually decreasing to 2.78 t in 2020, but is still significantly higher
than rural per capita HCEs (1.43 t). Among urban HCEs, indirect
HCEs accounts for about 90%, which is higher than that of rural
households.
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FIGURE 2
Urban-HCEs, Urban-HCEs;nq, and Urban-HCEs, in China in 1997-2020.

Frontiers in Environmental Science

04

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1518120

Yang et al. 10.3389/fenvs.2024.1518120
BTotal CEs DHCEs BHCEsind OUban-HCEs COHCEspe .
Q
25 12000 &
o
10000§
20 =
&
s 8000 ©
B 15 %
15 6000
3 )
-~ 10 =
4000 g
05 3
: 2000 %
i
w
0.0 0 g
1997 2002 2005 2007 2010 2012 2015 2017 2018 2020 =

FIGURE 3

Total CEs, HCEs, HCEsjg, Urban-HCEs, and HCEsy in China in 1997-2020.

China is in the midst of rapid urbanization, with the
urbanization rate increasing from 31.9% in 1997 to 63.9% in
2020, and the urban population growing from 395 million to
902 million during the same period. Combined with the
evolutionary trend of the urban HCEs, it can be observed that
from 1997 to 2015, the increase in urban HCEs was driven by two
positive effects: the increase in urban population and the increase in
per capita urban HCEs. After 2015, although the decrease in per
capita urban HCEs had a negative effect on urban HCEs, it was
smaller than the positive effect by the increase in urban population,
thus the urban HCEs still shows an upward trend, but at a slower
rate of increase.

3.1.3 Trend of the total HCEs in China

Integrating the rural and urban HCEs, the total HCEs in China
showed an upward trend. It firstly increased fast from 1,333 Mt to
3,152 Mt in1997-2015 (Figure 3), with an annual growth rate of 4.9%,
which was due to the rapid rise in both urban and rural HCEs. After
2015, the growth rate of total HCEs slowed down, only reaching
3,235 Mt in 2020, with an annual growth rate of 0.5%, mainly because
the rural HCEs began to decline and the growth rate of urban HCEs
slowed down. The total HCEs in China accounts for about one-third
of its total CEs, which is consistent with the research results of Peng
et al. (2023), Li et al. (2015), Liu et al. (2011), and Guan et al. (2018).

The per capita HCEs in China showed a significant upward trend
before 2015, increasing from 1.08 t in 1997 to 2.28 t in 2015. After
2015, the variations were relatively small, with a value of 2.29 t in 2020.

In terms of urban-rural structure, the urban HCEs is the main
source of HCEs in China, accounting for nearly 80%. Although per
capita urban HCEs is on a downward trend, it is still far higher than
the per capita level in rural areas.

In terms of emission sources, the proportion of indirect HCEs
(both rural and urban included) in the total HCEs exceeds 80%. This
indicates that promoting HCEs reduction not only requires
attention to reduce direct energy consumption from households’
electricity and energy use, but also to reduce indirect energy
residence,  clothing,  transportation,

consumption  from

entertainment, education, etc.

Frontiers in Environmental Science

3.2 Comparison of major contributing
sectors in rural and urban indirect HCEs

To reveal the main contributors of the rural and urban indirect
HCEs, we interact the 28 sectors in accounting indirect HCEs with
the eight consumption types (the relation between the 28 sectors and
the consumption types is in Table A2). It can be obtained that
Residence, Food and Tobacco, Transportation and Communication
are the main contributors of both rural and urban indirect HCEs.
They account for 66.65%, 9.78%, 4.54% of the rural indirect HCEs
(Figure 4), and 66.68%, 9.36%, 3.23% of the urban indirect HCEs
(Figure 5), respectively in 2020.

3.3 Phase analysis and driving force
decomposition

3.3.1 Phase analysis

Summarizing the above analysis results, the evolution of rural
and urban HCEs in China, as well as that of rural and urban per
capita HCEs, show different trends. The rural HCEs increased
before 2015 and then decreased, but its per capita HCEs has
always shown an upward trend. The urban HCEs has been
increasing, but its per capita HCEs started to decrease after 2015.
Therefore, in order to deeply analyze the driving forces of rural and
urban HCEs in China, this study conducts SDA on the evolution of
rural and urban HCEs, separately. Moreover, because 2015 is a
turning point for the rural HCEs and the urban per capita HCEs, this
study conduces a phase SDA analysis of the rural and urban HCEs in
1997-2015 and 2015-2020.

3.3.2 Driving force decomposition of rural HCEs
in China

From 1997 to 2015, the rural HCEs increased from 625 Mt to
807 Mt, with the population effect was —265 Mt, and the rural per
capita HCEs effect was 448 Mt. The decrease in the rural population,
which decreased from 842 million to 590 million, led to a reduction
in rural HCEs by 265 Mt (Figure 6). The increase in per capita rural
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FIGURE 4
Structure of the rural indirect HCEs by consumption types in 1997-2020.

HCEs, which increased from 0.74 t to 1.37 t, contributed to an
increase in rural HCEs by 448 Mt. Therefore, the rural HCEs
increased. In the decomposition of per capita HCEs, the rise in
rural households’ consumption expenditure (increased from
1,617 to 9223 yuan) was the driving factor for the increase in
rural per capita HCEs, which promotes the rural per capita HCEs
increase by 2.31t, while the decline in CE intensity (decreased from
4.59 t/10* yuan to 1.67 t/10* yuan) was the inhibiting factor, leading
to a decrease of 1.68 t for urban per capita HCEs. The positive
driving forces of households’ consumption expenditure is greater
than the inhibiting forces of CE intensity, leading to a growth in
rural per capita HCEs, and a positive expenditure effect of 1,654 Mt,
and a negative CE intensity effect of —1,206 Mt, on the total rural
HCEs. For change of CE intensity, the optimization of the energy
structure (with the CE coefficient decreased from 1.96 to 1.67) and
the reduction in energy consumption intensity (decreased from
2.34 t/10* to 0.89 t/10*) in rural areas collectively push down the
rural CE intensity, and correspondingly negative effects of —180 Mt
and -1,026 Mt on rural HCEs, respectively.

From 2015 to 2020, The population effect
negative, —112 Mt, the rural per capita HCEs effect remains

remains

positive, 35 Mt, hence rural HCEs shows a downward trend. In
terms of the decomposition of change of rural per capita HCEs, the
increase in rural households’ consumption expenditure (increased
from 9223 yuan to 13713 yuan) leading to an increase in rural per
capita HCEs (0.57 t), is still higher than the decrease caused by the
reduction in CE intensity (0.5 t), thus rural per capita HCEs continue
to rise but with a declining speed, leading to a positive rural per
capita HCEs effect of 35 Mt, a positive expenditure effect of 312 Mt,
and a negative effect of ~277 Mt on the rural HCEs. As a result, the
negative population effect is greater than the positive per capita
HCEs effect, and the rural HCEs starts to decrease. The effects of
energy structure and energy consumption intensity continue to be
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negative, at —139 Mt and —138 Mt, respectively, jointly promoting
the decrease in rural CE intensity.

In summary, the increase in rural households’ consumption
expenditure promotes an increase in rural HCEs, while the reduction
in the rural population, the optimization of the energy structure, and the
decrease in energy consumption intensity jointly drive its reduction. From
1997 to 2015, the negative population effect, energy structure effect, and
energy consumption intensity effect is smaller than the positive
expenditure effect, thus the rural HCEs increase. From 2015 to 2020,
the driving forces reversed, the rural HCEs decreases.

3.3.3 Driving force decomposition of urban HCEs
in China

From 1997 to 2015, the growth in urban population (increased
from 395 million to 793 million, with the urbanization rate growing
from 31.9% to 57.3%) and the increase in urban per capita HCEs
(increased from 0.74 tons to 1.37 tons) jointly drove the growth in
urban HCEs. The population effect and the urban per capita HCEs
effect are 947 Mt and 689 Mt, respectively (Figure 7). For the urban per
capita HCEs effect, the rise in urban households’ consumption
expenditure (increased from 4,186 yuan to 21,392 yuan) promotes
the urban per capita HCEs increase by 4.88 t, and the decline in CE
intensity (decreased from 4.59 t/10* yuan to 1.48t/10* yuan) leads to
the urban per capita HCEs reduce by 3.72 t, causing a positive urban
per capita HCEs effect of 689 Mt, a positive expenditure effect of
2,898 Mt, and a negative CE intensity of 2,209 Mt, respectively.
Further decomposing the CE intensity effect, the optimization of the
energy structure (with the CE coefficient decreasing from 1.99 to 1.85)
and the decrease in energy consumption intensity (decreased from
2.16 t/10* yuan to 0.75 t/10* yuan) jointly pushed down CE intensity,
thereby leading to a negative CE intensity effect. The energy structure
effect and the energy consumption intensity effect were —154 Mt
and —2,055 Mt, respectively.
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Structure of the urban indirect HCEs by consumption types in 1997-2020.

From 2015 to 2020, the continuous growth of the urban population
(increased to 902.2 million, and the urbanization rate grew to 63.9%)
further boosted the urban HCEs, with a population effect of 312.96 Mt.
However, the urban per capita HCEs effect turned negative due to the
decline in urban per capita HCEs, amounting to —153.20 Mt, which
inhibits the increase in urban HCEs. Decomposing the urban per capita
HCEs, it can be seen that the promotional effect of the rise in urban
households’ consumption expenditure on urban per capita urban HCEs
(+0.68t) was smaller than the inhibitory effect of the decline in CE
intensity (—0.86t), resulting in a decrease in urban per capita HCEs,
presenting an positive expenditure effect of 573.55 Mt, while a negative
CE intensity effect of =726.75 Mt. Furtherly decomposing the urban CE
intensity effect, it can be obtained that the energy structure effect and the
energy consumption intensity effect were -239 million tons
and —487 million tons, respectively.

In summary, the increase in urban population and the rise in
expenditure have promoted the growth of urban HCEs, while
optimization of the energy structure and a decline in energy
consumption intensity have inhibited its increase. However, the overall
inhibiting effect is smaller than the promotional effect. From 1997 to 2015,
the effect caused by the rise in urban households’ consumption
expenditure is greater than the decrease caused by the decline in CE
intensity, leading to an increase in urban per capita HCEs, and a positive
urban per capita HCEs effect. From 2015 to 2020, the magnitudes of the
two effects were reversed, resulting in a decrease in urban per capita urban
HCESs, a negative urban per capita urban HCEs effect.

4 Policy recommendations and
implications

Based on above results, it can be obtained that the evolutionary
trends and driving forces of rural and urban HCEs in China, as well as
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that of rural and urban per capita HCEs in China are obviously different.
For urban HCEjs, although the urban per capita HCEs have decreased,
the continued rapid growth of the urban population has promoted the
urban HCEs to continue rising. China is now in the process of rapid
urbanization, according to the “National Population Development Plan
(2016)”, by 2030, the rate of permanent urbanization in China will reach
70%. The continued increase in urban population will further have a
positive effect on the urban HCEs and promote its growth. For rural
HCEg, although the rural HCEs shows a downward trend, this is mainly
due to the decrease in the rural population. The rural per capita HCEs is
still on the rise, and the gap between rural and urban per capita HCEs is
still significant (the rural per capita HCEs is 1.43t, while the urban per
capita HCEs is 2.78t, in 2020). In the future, as the expenditure level of
rural households continues to rise, the rural per capita HCEs will
continue to grow, leading to a positive effect on rural HCEs. Therefore,
HCEs and
recommendations for HCEs reduction, it is essential to fully

when analyzing China’s formulating  policy
consider the urban-rural characteristics, so as to ensure their
relevance and effectiveness.

Meanwhile, China is the world’s largest developing country,
with a strong development momentum and tremendous potential.
According to China’s second centennial goal, by the mid-21st
century, the per capita GDP should reach the level of middle-
income countries, achieving a range of 40,000 to 50,000 US
dollars (Wang, 2023). In the future, with China’s economic
growth and the improvement of people’s income and expenditure
levels, the expenditure effect will continue to be positive. The dual
positive effects of increased urban population and increased
expenditure in both urban and rural households will promote an
increase in HCEs. In this case, to inhibit increase in HCEs or to
promote its reduction, it is crucial to intensify efforts to optimize the
energy structure and reduce energy consumption intensity. To
achieve these goals, on one hand, it is necessary to develop clean
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FIGURE 6

The SDA results of change of the rural HCEs in China. (A) Rural: 1997-2015. (B) Rural: 2015-2020.

and renewable energy sources, especially solar energy, to increase
their proportion in the energy structure. In China, the cost of
photovoltaic power generation is far lower than that of coal -
fired power generation. China has a vast territory and is rich in
solar energy resources. Thereby, promoting photovoltaic power
generation is essential for energy conservation and CE reduction.
In rural areas, utilize the advantages of rural residences to promote
distributed photovoltaic power generation, and strengthen the
construction of household energy - storage devices, to achieve
self - sufficiency in energy use for rural households. In urban
area, build distributed photovoltaic power generation systems on
large - area surface areas such as the roofs and walls of industrial
parks, large - scale commercial and public buildings in the city,
construct solar power stations on vacant lands around the city, and
integrate photovoltaic power generation into the urban power grid.
In addition, use solar lights in urban street lighting, parks, squares
and other lighting systems. Take multiple measures simultaneously
to promote the development of renewable and clean energy in rural
and urban areas. On the other, it is necessary to accelerate the
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construction of a circular economy system, promote the recycling of
resources, and achieve energy conservation and emission reduction.

Additionally, China’s HCEs accounts for one-third of the
country’s total CEs, with indirect HCEs accounting for over 80%
(both rural and urban included). Therefore, promoting the reduction
of HCEs not only requires reduction in direct energy consumption,
but also in indirect energy consumption. Among the indirect HCEs,
Residence, Food and Tobacco,
Communication are the three main contributing sectors, both in

and Transportation and
rural and urban households. Thus, promoting the low-carbon
transformation of households’ consumption, especially low-carbon
transformation of these three types, and encouraging households to
adopt frugal
consumption, waste avoidance, recycling, and choosing low-carbon

low-carbon  consumption behaviors, such as

products, is of great significance. It will not only directly promote the
HCEs reduction, but also indirectly incentivize the production side to
save energy and reduce CEs, which is of great significance both for
HCEs reduction and the overall production CEs reduction. To
the transformation  of  households’

promote low-carbon
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FIGURE 7

The SDA results of change of the urban HCEs in China. (A) Urban: 1997-2015. (B) Urban: 2015-2020.

consumption, following countermeasures could be implemented.
®Strengthen the publicity and promotion of low - carbon
consumption, and gradually establish residents’ awareness of low -
carbon consumption. @ Establish a low - carbon consumption
incentive mechanism. For example, subsidies can be obtained for
purchasing products with lower carbon emissions among similar
products. ®Moderately specify the legal obligations of residents in
low-carbon consumption. For example, clearly specify in laws that
residents bear the obligations of CE reduction and low - carbon
consumption, etc. By integrating publicity and education, incentive
mechanisms, and obligation, to promote the low - carbon
transformation of households’ consumption, thereby reducing the
HCEs and forcing enterprises to improve energy efficiency and reduce
CE intensity.

5 Conclusion

This study conducts a comparative analysis of the evolutionary
trends, characteristics, and driving forces of the urban and rural
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HCE:s in China by applying the EIO-SDA model, based on the latest
long-term input-output tables of China from 1997 to 2020, sectoral
energy consumption data, etc. It is acquired that the evolutionary
trends and driving forces of rural and urban HCEs in China, as well
as that of rural and urban per capita HCEs in China vary
significantly. The rural HCEs increased before 2015 and then
decreased, but the per capita HCEs has always shown an upward
trend. The urban HCEs has been increasing, but its per capita HCEs
started to decrease after 2015. The indirect HCEs accounting for
over 80% of the total HCEs, and Residence, Food and Tobacco,
Transportation the three main
contributing sectors, both for rural and urban households.

and Communication are

For driving forces, the rural HCEs: the increase in rural
households’ consumption expenditure promotes an increase in
rural HCEs, while the reduction in the rural population, the
optimization of the energy structure, and the decrease in energy
consumption intensity jointly drive its reduction. From 1997 to
2015, the negative population effect, energy structure effect, and
energy consumption intensity effect is smaller than the positive
expenditure effect, thus the rural HCEs increase. From 2015 to 2020,
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the magnitudes of these effects were reversed, the rural HCEs
decreases. For rural per capita HCEs, its expenditure effect is
always bigger than the CE intensity effect, thus the rural per
capita HCEs keeps rising. For urban HCEs, the increase in urban
population and the rise in expenditure have promoted the growth of
urban HCEs, while optimization of the energy structure and a
decline in energy consumption intensity have inhibited its
increase. However, the overall inhibiting effect is smaller than the
promotional effect. From 1997 to 2015, the effect caused by the rise
in urban households’ consumption expenditure was greater than the
decrease caused by the decline in CE intensity, leading to an increase
in urban per capita HCEs, and a positive urban per capita HCEs
effect. From 2015 to 2020, the magnitude of the two effects was
reversed, resulting in a decrease in urban per capita urban HCEs, a
negative urban per capita urban HCEs effect.

Based on above results, some policy implications were proposed,
including fully consider the urban-rural characteristics, so as to ensure
policies’ relevance and effectiveness, intensify efforts to optimize the
energy structure and reduce energy consumption intensity, promotes
the low-carbon transformation of households’ consumption and
households adopt
behaviors. This study can promote urban and rural HCEs

encourage to low-carbon  consumption

reduction, and help the implementation of China’s dual carbon goals.
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Appendix

TABLE Al The names of the 28 sectors.

Sector Name Sector Name

S1 Agriculture S15 Metal products

S2 Coal mining and processing S16 Machinery and equipment

S3 Crude petroleum and natural gas products S17 Transport equipment

S4 Metal ore mining S18 Electric equipment and machinery

S5 Non-ferrous mineral mining S19 Electronic and telecommunication equipment

S6 Manufacture of food products and tobacco processing S20 Instruments, meters cultural and office machinery
S7 Textile goods S21 Other manufacturing products

S8 Wearing apparel, leather, furs, down and related products S22 Electricity steam and hot water production and supply
S9 Wood processing and furniture S23 Gas production and supply

S10 Paper and products, printing and record medium reproduction S24 Water production and supply

S11 Petroleum processing and coking S25 Construction

S12 Chemicals S26 Transport, storage and post

S13 Nonmetal mineral products S27 Wholesale, retail trade and hotel, restaurants

S14 Metals smelting and pressing $28 Others

TABLE A2 The interactive relation between the 28 sectors and the consumption types.

Code  Consumption types Corresponding sectors

1 Food and Tobacco Agriculture, Manufacture of food products and tobacco processing

2 Clothing Textile goods, Wearing apparel, leather, furs, down and related products

3 Residence Nonmetal mineral products, Metal products, Electricity steam and hot water, Gas production and supply, Water

production and supply, Construction

4 Household Consumables and Services | Electric equipment and machinery, Other manufacturing products

5 Transportation and Communication | Transport equipment, Electronic and telecommunication equipment, Transport, storage and post

6 Education, Culture and Paper and products, printing and record medium reproduction, Instruments, meters cultural and office machinery,
Entertainment Wholesale, retail trade and hotel, restaurants

7 Health cCare Machinery and equipment

8 Other Goods and Services Other sectors

9 Others Coal mining and processing, Crude petroleum and natural gas products, Metal ore mining, Non-ferrous mineral mining,

Petroleum processing and coking, Chemicals, Metals smelting and pressing

Note: The relation between sectors and consumption types is established based on research of Peng et al. (2021), Zhao et al. (2018), and Ma et al. (2016).
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