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Multi-scenario reduction pathways and decoupling
analysis of China’'s sectoral carbon emissions

Kaile Zhou,"#%* Jingna Yang,"? Hui Yin,"* and Tao Ding'~?

SUMMARY

To achieve its goal of carbon emissions peak and neutrality, China requires synergistic efforts across all
sectors. In this study, three scenarios—baseline, policy, and green low-carbon—were developed to
explore the pathways for China’s emissions reduction across sectors from 2020 to 2060, and the timing
of decoupling economic growth from CO,. The results showed that, under these scenarios, China’s carbon
emissions peak in 2030, 2026, and 2025, with strong decoupling time, lagged one year behind peak attain-
ment. The agriculture, forestry, livestock, and fishing (AFH) and mining and quarrying (MQ) sectors would
be the first to achieve a carbon peak. Under all three scenarios, all of the other sectors—with the excep-
tion of electricity, gas, and water production and supply (EGW)—will achieve a carbon peak by 2030.
Therefore, policymakers should set carbon peak goals based on sector characteristics and ensure energy
security in the process of achieving carbon neutrality.

INTRODUCTION

The climate change caused by the consumption of fossil fuels has become one of the most important issues of concern in the world given
rapid economic development.'® In the Emissions Gap Report 2020, the United Nations Environment Program pointed out that global green-
house gas emissions reached 59.1 billion tons of carbon dioxide equivalent in 2019.°® Unless global greenhouse gas concentrations fall by
7.6% per year from 2020 to 2030, the Paris Agreement’s goal of holding global temperature increases in this century to 1.5°C will not be
achieved.”'® To mitigate climate change as quickly as possible, 110 countries have proposed or committed to carbon neutrality targets
by 2050 in various forms, such as legislation, legal proposals, and policy documents.”'~"*

China, with its vast territory, complex natural conditions, and fragile ecological environment, is one of the countries that would be signif-
icantly affected by the adverse effects of climate change,'"' so it has always attached great importance to the issue.'®'” China signed the
Kyoto Protocol in May 1998 and the Paris Agreement in April 2016, and it has formulated and implemented a series of proactive policies and
actions to reduce emissions in conjunction with its national economic and social strategies.'®'” In September 2020, China officially proposed
the goal of achieving its carbon peak by 2030 and carbon neutrality by 2060 at the 75th session of the United Nations General Assembly.””?'
Further, the Chinese State Council, the Energy Bureau, and other relevant departments have issued a number of guidance documents on
emissions reduction. At the regional level, some provinces and municipalities have included “dual carbon” goals in their government
work reports.

China's energy structure remains dominated by fossil fuels, however, and the factors influencing carbon emissions are complex and var-
iable, involving multiple subjects, levels and industries.””** China’s carbon neutrality target therefore requires a concerted adjustment across
multiple sectors.”® Currently, China has developed carbon reduction documents for the power generation sector or key energy-consuming
industries; however, other sectors are only mentioned in government documents. In this context, it is necessary to better understand the sec-
toral characteristics of total energy consumption and carbon emissions, so as to develop reasonable pathways for China’s carbon reduc-
tion.”>?® Current studies either analyze only the timing of carbon peaks and reduction pathways for countries as a whole or for specific sectors.
Different models and data sources make it difficult to make meaningful comparisons across sectors.”’*® From the perspective of sustainable
economic and social development, carbon neutrality also means that economic development will change from a high-carbon development
model to a low-carbon green development model. Therefore, the relationship between economic growth and carbon emissions needs to be
further considered.”” Decoupling index can be used to examine the relationship between economic growth and carbon emissions, to find out
whether economic development comes at the cost of environmental pollution.”'***° There has been some research that has used decoupling
analysis to discuss the decoupling time of economic growth and carbon emissions in China; however, there are still relatively few studies that
have comprehensively compared the decoupling status of different sectors in the country.
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Table 1. Selected related studies

Model Region Time period Main findings Reference
Carbon emissions Kaya Mexico 2015-2050 Gradual transition scenarios reach 501 Mt De La Pefia
and carbon carbon emissions in 2050. etal’
neutrality
EKC China 2018-2060 China could reach a carbon peak in 2027, 2026, Xuetal.
and 2025, and then achieve the zero-carbon
emission goal in 2050, 2044, and 2040,
respectively.
STIRPAT China 2015-2045 Results show that China may reach peak Fang etal."
emissions in the period 2028-2040.
Carbon emissions Monte Carlo Chongging 2000-2050 Urban residential buildings will probably hit the Huo et al.*®
reduction simulation emissions peak in 2042.

and Scenario

analysis
Fast learning Guangdong 2020-2060 In Guangdong Province, the peak of carbon Ren and Long™
network emissions can be achieved by 2030.
Nonlinear China 2016-2050 The peak of China's carbon emissions will occur Xu et al.*!
autoregressive in 2029, 2031, or 2035 under different
network with scenarios.
exogenous
input
Sectoral carbon LEAP Building 2018-2030 The carbon emissions of Shenzhen's building Jiang et al.*’
emissions sector sector could be capped by 2022-2025 and
reduction decreased by more than 60% by 2030.
STIRPAT Household 2015-2040 The household sector in China is most likely to Zhao et al.*®
sector reach its carbon emissions peak between 2025
and 2030.
G-LEAP Cement 2000-2060 Improving energy efficiency and alternative Tan et al.”®
industry low-carbon fuels would contribute 9%-12%

and 17%-22% of the cumulative emissions

reduction.

In general, existing studies use top-down, bottom-up, or integrated models to conduct research on carbon emissions forecasting by
region and industry.?’ Top-down models are mainly used to forecast by economic indicators and energy systems, with computable gen-
eral equilibrium models (CGE) and integrated assessment model (IAM) being the most commonly used top-down models.*~ For
example, Zhang et al. used a dynamic CGE to compare the carbon emissions of nuclear power under three scenarios.*” Bottom-up
models focus on energy consumption and production patterns for supply and demand forecasting and environmental impact analysis,
including the long-term energy alternative planning system model (LEAP).>" Liu et al., for example, classified the 2 + 26 cities accord-
ing to their industrial structure and energy intensity and built a LEAP city model to analyze the gaps and pathways to carbon neutrality
for different city types under different scenarios.®” Similarly, Cai et al. explored the ways to achieve the dual carbon goals in Bengbu
under four scenarios using a LEAP model.”® These studies provide insights for regional or industrial energy transformation plans, but the
results lack comparability.”

Previous research also has used methods such as the STIRPAT model and machine learing to forecast carbon emissions.””*? The STIRPAT
model first decomposes the factors influencing carbon emissions and then combines scenario analysis to forecast regional emissions.** Yu
et al., for example, evaluated the drivers of household CO, emissions in China using the STIRPAT model.***° These studies, however,
have not yet fully explored the carbon reduction pathways of different sectors. This study summarizes some of the recent related studies
in Table 1.

In summary, the CGE model does not allow for a detailed representation of the impact of technological progress on energy consumption,
while the IAM has a more complex model structure and more stringent data requirements. Some predictive models also have stringent data
requirements and are difficult to train with improved accuracy.”*? The LEAP model has the characteristic of low initial data requirement, and it
includes embedded tools to create different data structures for each region. It allows a quick and direct comparison of energy consumption
and carbon emissions in different sectors.'’*? Further explanations about the advantages and disadvantages of different models are given in
Table S1in the supplemental information.
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Figure 1. Sectoral energy consumption under the policy scenario

Production sectors include agriculture, forestry, livestock, and fishing (AFH); mining and quarrying (MQ); manufacturing (MAN); electricity, gas, and water
production and supply (EGW); construction (CON); transport, storage, and postage (TSP); wholesale and retail trade and hotels and restaurants (WRR); and
other (OTH). The household sector (RES) includes both urban and rural residents.

This study makes three potential contributions. First, it analyzes sectoral energy consumption and carbon emissions trends in China and
compares the timing of carbon peaking of different sectors under different scenarios. These findings can help policymakers to clarify the cur-
rent situation of carbon emissions and the potential of carbon reductions of different sectors. In addition, this study predicts the future power
generation structure in China under different scenarios, to determine the carbon emissions reduction pathways from the energy supply
perspective. This can support developing sectoral carbon emissions reduction strategies considering the power generation structure. Finally,
we compare the decoupling times of economic growth and carbon emissions of different sectors using Tapio decoupling analysis. It can sup-
port policymakers improve emission reduction programs for different sectors based on the decoupling status of economic growth and carbon
emissions.

RESULTS

China’s sectoral energy consumption

Energy consumption of different sectors in the same scenario

Figure 1 illustrates the changes in China’s ultimate energy consumption for each sector under the policy scenario. The results of the baseline
scenario and green low-carbon scenario are presented in Figures S1 and S2 of the supplemental information.

As shown in Figure 1, China’s energy consumption follows an increasing trend during the study period under the policy scenario, but there
are differences among the sectors. In 2019, China’s energy consumption totaled 4.86 billion tons of standard coal, an increase of 3.3% over the
previous year. China’s total energy consumption grows faster, followed by a slight slowdown from 2020 to 2060. Under the policy scenario that
integrates improved energy efficiency and reduction of energy intensity, the manufacturing (MAN) and electricity, gas, and water (EGW) sec-
tors still have the highest energy consumption. By 2030, energy consumption in MAN sector will reach 3,808 million tons and 4,053 million tons
by 2050. The energy consumption of the household sector remains basically stable. By 2050, the energy consumption of urban residents will
reach 356.4 million tons and 147.7 million tons for rural residents. This suggests that energy consumption in China varies considerably across
sectors, so analyzing the characteristics of energy consumption in different sectors is necessary. Figure 2 shows the consumption of different
energy types in China.

As shown in Figure 2, in 2019, the consumption of coal, crude oil, natural gas, and electricity increased by 1%, 6.8%, 8.6%, and 4.5%, respec-
tively. Electricity consumption accounted for 23.4% of total energy consumption. By 2040, the share of electricity consumption will exceed
50%, making it the highest proportion in total energy consumption. By 2060, the shares of coal, crude oil, natural gas, and non-fossil energy
will be 7.9%, 4.6%, 3.4%, and 82%, respectively, in the policy scenario, compared to 11%, 7%, 3.9%, and 74.7%, respectively, in the baseline
scenario. Coal consumption will fall to 695 million tons of standard coal, mainly for emergencies. From 2020 to 2060, natural gas consumption
shows an increasing trend, which then stabilizes and finally decreases. Due to the uncertainty of wind and solar power, sufficient natural gas
can ensure a safe energy supply. Natural gas, with its clean and low-carbon characteristics, will be an important bridge in the transition of
China's energy structure from fossil energy to clean energy.

Comparison of energy consumption in the different scenarios
China's total energy consumption under the three scenarios is shown in Figure 3.

As can be seen in Figure 3, China’s total energy consumption shows a trend of growth followed by stability over the period 2020-2060.
Under the three different scenarios, China’s fossil energy consumption will peak in 2030, 2027, or 2026 with peaks of 5.7 billion tons, 5.3 billion
tons, or 5 billion tons, respectively. China’s total fossil energy consumption peaks the earliest under the green low-carbon scenario, and the
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Figure 2. China’s energy consumption under the policy scenario
(A) Energy consumption profile in China under the policy scenario.
(B) China's energy structure under the policy scenario.

overall energy consumption is lower; by 2060, total energy consumption will reach 8.1 billion tons under the green low-carbon scenario.
Changes in the energy structure of selected sectors are shown in Figure 4.

Figure 4 illustrates the changes in China’s energy structure from 2020 to 2060 for several key sectors. The main energy types consumed by
the MAN sector are electricity, natural gas, crude oil, coal, and coke; from 2020 to 2060, electricity consumption grows very rapidly, and coal
consumption declines quickly; these changes are more pronounced in the decade after peak carbon. However, the consumption of natural
gas remains almost unchanged, which suggests that MAN has to ensure energy security while gradually increasing the share of electricity
consumption. From 2020 to 2040, the EGW sector retains a high share of coal consumption, but the use of electricity follows an increasing
trend. This is associated with a significant increase in the proportion of wind and photovoltaic power generation on the energy supply
side. In addition, electrification is increasing in the transport,storage, and postage (TSP) and urban household sectors. The use of energy sour-
ces such as diesel, gasoline, and natural gas is slowly decreasing.

12 4
e===Baseline scenario === Policy scenario e===Green low-carbon scenario

10 -

Energy consumption (Billion tce)
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Figure 3. Comparison of China’s total energy consumption under the three scenarios, 2015-2060.
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Figure 4. Changes in the energy structure of selected sectors, 2020-2060
(A) Changes in the energy structure of the MAN sector.

(B) Changes in the energy structure of the EGW sector.

(C) Changes in the energy structure of the TSP sector.

(D) Changes in the energy structure of the urban household sector.

Time to peak carbon emissions and total carbon emissions in different sectors

There are differences in the timing of China’s peak carbon emissions and the total amount of carbon emissions under the different scenarios.
Figure 5 illustrates China’s carbon emissions from energy consumption under the different scenarios.

iScience 26, 108404, December 15, 2023 5



¢? CellPress iScience
OPEN ACCESS

Baseline scenario e Policy scenario Green low-carbon scenario

Carbon emission (Billion ton)

0 . . . . . . . . .
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060

Figure 5. Carbon emissions from energy consumption under the three scenarios, 2015-2060.

As can be seen in Figure 5, China's carbon emissions follow a path of slow growth to a peak, which is then followed by a continuous decline
under all three scenarios. Under the three scenarios, China’s carbon emissions will peak in 2030, 2026, and 2025 with consumptions of 13.5 billion
tons, 12.8 billion tons, and 12 billion tons, respectively. By 2050, the total carbon emissions under the three scenarios will be 7.4 billion tons, 5.2
billion tons, and 3.8 billion tons, respectively. China's carbon emissions will reach 2.8 billion under the green low-carbon scenario in 2060. This
suggests that, in the process of achieving carbon neutrality, China should not only consider the reduction of carbon emissions from the perspec-
tive of energy consumption, but also from the point of view of carbon sinks and carbon capture to further reduce carbon emissions.

Different sectors have different modes of production, which lead to large differences in the type and total quantity of energy consumption.
It is necessary to further analyze the carbon reduction potential of the different sectors. To clarify the current situation and future trend of
carbon emissions in China from a sectoral perspective, the time to peak carbon emissions and total carbon emissions for different production
sectors under the different scenarios is calculated. The specific results are shown in Figure 6.

Figure 6 illustrates the carbon emissions of different sectors in China under the three scenarios, which can be divided into two categories
according to sectoral emissions. The first category includes the sectors that have already reached their peak carbon emissions before forecast
year, such as the AFH, MQ, and CON sectors. The other category includes sectors that will reach their peak carbon emissions within the fore-
cast year, including the MAN, TSP, WRR, OTH, and RES sectors. It is thus necessary to set carbon reduction targets based on the character-
istics of sectoral production and energy consumption, as well as to gradually promote climate change action in key sectors. Figure 7 illustrates
the further analysis of the trends in carbon emissions and the energy structure of the different production sectors under the policy scenario.

As can be seen in Figure 7, the MAN sector has the highest carbon emissions, followed by the EGW sector. Energy structure is one of the
key reasons for differences in carbon emissions among sectors. The MAN sector is the pillar industry of China’s national economy and the
leading sector of economic growth. All of the material products needed for survival and development come from the MAN sector industry.
It also includes, however, many high energy consuming processes and procedures. This energy structure is relatively difficult to change, which
makes it the sector with the greatest carbon emissions.”® For the WRR sector, total energy consumption is relatively low and the highest per-
centage energy consumption is sourced from electricity, which makes it one of the sectors with lowest carbon emissions.

China’s power generation structure

Under the call for energy conservation and emissions reduction, the zero-carbon energy source of solar and wind power are gradually
becoming the primary options for energy supply. With the change in the energy structure, a sustainable power supply is the guarantee for
normal production and livelihood. With reference to the historical installed capacity of different power generation modes and the relevant
policies on wind and photovoltaic power generation, this study also forecasts the total amount of power generation under the different sce-
narios. Figure 8 illustrates the total amount of power generation in China under the three scenarios.

As shown in Figure 8, China’s total power generation follows a trend of rapid growth followed by steady growth. It is closely related to the
country's strategic development approach of significantly increasing the installed capacity of wind and solar power generation and gradually
adjusting the structure of energy consumption. Under the green low-carbon scenario, China’s power generation in 2030 will be 10.6 trillion
kWh, an increase of 56% compared to 2019. Total power generation would reach 18 trillion kWh in 2060 under the green low-carbon scenario
and 15 trillion kWh in the baseline scenario. It is also necessary to analyze the changes in the proportion of power generation from clean en-
ergy sources. Coal, hydro, wind, photovoltaic, and nuclear power are the main modes of power generation in China. Under the policy sce-
nario, wind and photovoltaic power generation will account for around 50% of total power generation in 2050, followed by hydro and nuclear
power generation, with a share of approximately 25%. Biomass power generation methods are further developed, with a 5% share in 2050.
Similarly, the proportion of power generated from renewable sources continues to increase between 2050 and 2060, reaching 60% by 2060.

Decoupling of carbon emissions and economic growth

After the peak of carbon emissions, the government or related organizations will take measures to reduce emissions automatically, pursuing
low resource consumption in exchange for the same or even more rapid economic growth. Figure 9 illustrates the status of the decoupling of
economic development and carbon emissions under three scenarios.
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Figure 6. Carbon emissions from different production sectors under the three scenarios
(A) Carbon emissions from the AFH sector under the three scenarios.

(B) Carbon emissions from the MQ sector under the three scenarios.

(C) Carbon emissions from the MAN sector under the three scenarios.

(D) Carbon emissions from the EGW sector under the three scenarios.

(E) Carbon emissions from the CON sector under the three scenarios.

(F) Carbon emissions from the TSP sector under the three scenarios.

(G) Carbon emissions from the WRR sector under the three scenarios.

(H) Carbon emissions from the OTH sector under the three scenarios.
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Figure 7. Carbon emissions in different sectors under the policy scenario
(A) Carbon emissions in AFH, CON, WRR, OTH sectors under the policy scenario.
(B) Carbon emissions in MQ, MAN, EGW, TSP sectors under the policy scenario.

Under all three scenarios, China’s economic growth and carbon emissions show a strong decoupling in 2031, 2027, and 2026, respectively.
It is worth noting that there is a significant increase in the Tapio decoupling index from 2050 to 2060, because by this period, China’s carbon
emissions reduction has moved to a lower and more stable level, but the Chinese economy is still growing. Although the value of the Tapio
index has risen, it is still below zero, which means that China’s economic growth and carbon emissions remain decoupled. To gain a more
precise perspective on the extent of decoupling in China, the decoupling status of carbon emissions and economic growth in the production
sector is analyzed, and the decoupling status for each sector is shown in Figure 10.

As can be seen in Figure 10, under the policy scenario, the AFH sector is decoupled first in 2018, with MAN, CON, and WRR sectors steadily
decoupling over the period 2030-2031. The decoupling of the EGW sector lags behind, with a strong decoupling of economic growth and
carbon emissions only achieved in 2037. Under the green low-carbon scenario, strong decoupling has been achieved in all productive sectors
in China by 2031, that is, economic growth no longer comes at the expense of the environment. China’s economic development can thus
reach a more ideal state, which will be conducive to achieving carbon neutrality as soon as possible.

Uncertainty analysis

Four additional scenarios have been added to the existing ones to illustrate the reliability of the results. Scenarios a1 and a2 consider changes
in the energy structure. Under scenarios a1, the energy structure transforms slower than the policy scenario, while under scenario a2 the en-
ergy structure transformation accelerates. Scenarios b1 and b2 consider the change in energy intensity. Figure 11 illustrates the trends in car-
bon emissions under the different scenarios.

As shown in Figure 11, the reduction in energy intensity contributes to the reduction of carbon emissions. Under scenarios a1 and b1,
China’s carbon emissions will peak in 2027 at 12.9 billion tons and 13 billion tons, respectively, lagging one year behind the policy scenario.
Although China’s carbon emissions peak appears earlier in the a2 and b2 scenarios compared to the policy scenario, the magnitude of change
in the peak of carbon emissions is smaller, which also indicates the reliability and stability of the results. In summary, China’s carbon emissions

8 iScience 26, 108404, December 15, 2023
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Figure 8. China’s total power generation and the proportion of different power generation modes
(A) Total power generation in China under the three scenarios.
(B) Power generation structure in China in 2019, 2030, 2040, and 2050 under the policy scenario.

are most likely to peak between 2025 and 2030. Optimization of the energy structure and reduction of energy intensity can contribute to more
rapid achievement of the carbon neutrality target.

In conclusion, looking at the type of energy consumption, coal consumption will peak by 2024 at the latest, while natural gas will peak
around 2032 and then stabilize. China’s carbon emissions are most likely to peak between 2024 and 2030 under the different scenarios,
with a strong decoupling time lagging one year behind the peak. Looking at the subsectors, the AFH and MQ sectors are the first to achieve
a carbon peak and economic decoupling. Under all three scenarios, all of the other sectors (with the exception of the EGW sector) will achieve
their carbon peak by 2030. The proportion of power generation from clean energy sources will also increase significantly from 2020 to 2060.

DISCUSSION

Under the three proposed scenarios, China's energy consumption follows a trend of rapid growth followed by stable growth from 2020 to
2060. By energy consumption type, the change trend of different energy sources is quite different. The peaks for coal consumption under
the three scenarios are 2024, 2022, and 2022, with peaks of 2.85 billion tons, 2.8 billion tons, and 2.72 billion tons, respectively. Thereatfter,
coal consumption accounts for increasingly smaller proportion of total energy consumption. By 2050, the consumption of coal under the three
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Figure 9. Decoupling status of economic development and carbon emissions in China under the three scenarios
The circle denotes the time at which the sector achieves a strong decoupling of economic growth and carbon emissions.
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Figure 10. Decoupling status of different sectors under different scenarios

The circle denotes the time at which the sector achieves a strong decoupling of economic growth and carbon emissions.
(A) Sector decoupling status under the baseline scenario.

(B) Sector decoupling status under the policy scenario.

(C) Sector decoupling status under the green low-carbon scenario.

scenarios will be 1.41 billion tons, 0.95 billion tons, and 0.66 million tons. Natural gas is an important guarantee for the transformation of
China's energy structure, and under the three scenarios, the country’s natural gas consumption follows a growing trend that peaks around
2038, followed by a slight decline.

China's carbon emissions will peak in 2030, 2026, and 2025 under three scenarios with peaks of 13.5 billion tons, 12.8 billion tons, and 12
billion tons, respectively. Except for EGW sector, all of the other sectors will be able to achieve a carbon peak gradually by 2030 under three
scenarios. Collaborative carbon reduction across sectors could also accelerate the achievement of carbon peak and carbon neutrality goal.
The timing of the peak in all of the sectors is further advanced in the policy scenario compared to the baseline scenario, which suggests that
China's initiatives will have a positive effect. Similarly, China’s carbon emissions are more optimistic in the green low-carbon scenario due to a
significant improvement in the energy structure. From a power generation perspective, the share of wind and photovoltaic power is gradually
increasing, becoming pillars of the power supply and laying the foundation for accelerated electrification on the energy consumption side.
Achieving China’s carbon neutrality goal will require synergy between energy supply and demand.

Economic growth and energy consumption are closely related. Under the three scenarios, China’s economic growth is decoupled from
carbon emissions in 2031, 2027, and 2026, respectively. However, there are some differences among production sectors in the timing of
this decoupling. Under the policy scenario, the AFH sector takes the lead in decoupling economic growth from carbon emissions in 2018,
with the CON, WRR, and OTH sectors achieving decoupling in 2031. The last sector to achieve decoupling is the EGW sector, with weak
decoupling in 2026 and strong decoupling in 2037.

100
80
60

40

Carbon emission (Billion ton)

20

0
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060

H Baseline scenario m Policy scenario m Green low-carbon scenario mal a2 b1l b2

Figure 11. Carbon emissions from energy consumption under the different scenarios, 2015-2060.
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The achievement of carbon neutrality requires a comprehensive and systematic analysis of technology, economics, and society.”’ Carbon
emissions projections provide different pathways for energy consumption among sectors in China, and can also serve as a reference for pol-
icymakers to formulate carbon reduction plans.****** Based on the findings of this study, we make recommendations targeting both energy
consumption and power generation.

From the energy consumption side, policymakers should determine the carbon emissions calculations for each sector according to their
energy consumption structure and sectoral production characteristics. This involves accurately accounting for the energy consumption of
each production process in different production sectors and formulating carbon reduction measures from key stages. Policymakers should
also develop implementation plans for carbon peaking and carbon reduction in the EGW, MAN, CON, TSP, AFH, and rural sectors. Sectors
with relatively easy energy structure transitions to peak carbon emissions should be prioritized. There should also be greater reliance on green
and low-carbon technology innovation to continuously improve the efficiency of energy use and optimize the structure of energy consump-
tion in all sectors. This will ensure that each sector can accomplish its carbon emissions reduction goal.

As the largest energy consumer and carbon emitter, China’s demand for energy will continue to grow. To ensure security in the consump-
tion of energy, China needs to prioritize non-fossil energy sources and vigorously develop and utilize such sources in its energy development.
According to the natural characteristics of the region, the installed capacity for wind power and photovoltaics should be increased, especially
in the western region. The construction of a new power system based on clean energy should be accelerated, and energy storage technol-
ogies should be developed to further ensure the security of the country’s energy utilization under extreme weather conditions.

Policymakers also need to clarify which measures are beneficial in the long term and which are not sustainable. For example, building clean
power generation facilities is beneficial in the long term, but closing down coal-fired power plants and energy-intensive, low-productivity en-
terprises will only work in the short term. China’s emissions reduction path should also be adjusted according to different stages of
development.

LIMITATIONS OF THE STUDY

There are several aspects of this study that could be further developed in future research. First, this study examines China as a whole and does
not consider the variability among provinces. Different regions have different key industries due to differences in resource endowments, so
the energy consumption reduction initiatives for the same industry in different provinces can vary greatly, and more detailed data are needed
for further research. Second, this study uniformly selects the annual output value as the activity level, and although it facilitates cross-sectional
comparisons among sectors, other characteristics among sectors are not highlighted. In the future, we will conduct further research from a
provincial perspective, based on the production methods and characteristics of each industry.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Demographic data State Council of the People’s Republic of China https://www.gov.cn/
Energy data National Energy Administration http://www.nea.gov.cn/
Scenario settings data This paper (supplemental information) Tables S3 and S4

Software and algorithms

LEAP Stockholm Environment Institute https://leap.sei.org/

RESOURCES AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Kaile Zhou (zhoukaile@hfut.
edu.cn).

Materials availability

The study did not generate new materials.

Data and code availability

The sources of the datasets supporting the current study are presented in the methods details Section “scenario settings” and the supple-
mental information Section. Relevant data and codes can be available on request from the lead contact. Any additional information required
to reanalyze the data reported in this paper or reproduce the results is available from the lead contact upon request.

METHODS DETAILS
Long-term energy alternative planning system

The LEAP model is based on long-term scenario analysis and is a software tool for analyzing energy policy, mitigating climate change, and
planning for air pollution reduction.’>>* The LEAP model includes technology and environmental databases that describe information about
the characteristics, costs, and environmental impacts of energy technologies.”>*° It contains modules for the key assumptions, requirements,
transformation, and resources.®” The key assumptions module focuses on the setting of macro variables, and the demand module considers
the energy demand of each sector.” The transformation module is primarily used to simulate the processing of and conversion process for
various energy sources. The resource module accounts for the primary and secondary energy sources demanded by the energy system.”” The
research framework for this study is presented in Figure S3 in the supplemental information.

Calculation of energy consumption and emissions
Calculation of energy consumption

For the production sector, this study used the annual output value as the activity level of the sector, and the energy consumption per unit of
added value as the energy intensity.

E,‘ = AC, X E’, (Equation 1)

El; = GDP+ Y E; (Equation 2)

=1

where E; denotes the total energy consumption of production sector i. AC; and El; denote the activity level and energy intensity of production
sector i, respectively. GDP; denotes the value added of industry in production sector i in a given year.

The household sector is divided into rural residents and urban residents and the total energy consumption is calculated based on per cap-
ita energy consumption.

E. = PuxA,+P, XA, (Equation 3)
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where E. represents the total energy consumption in the household sector. P and A denote population and energy consumption per capita,
respectively.

Calculation of carbon emissions

n

CE = Y > EfF (Equation 4)
i=1 j=1

where CE indicates the total carbon emissions. Ej; denotes the consumption of j types of energy in sector i. Fj represents the carbon emissions
factor of j energy.

Calculation of the tapio decoupling index

The decoupling index can be used to examine the relationship between economic growth and carbon emissions to further determine whether
economic growth occurs at the expense of the environment.””® The Tapio decoupling index can more accurately reflect the relationship
between economic growth and carbon emissions in different sectors.’”® Therefore, the Tapio decoupling index is used here to measure
the relationship between China’s economic growth and energy consumption under the different proposed scenarios from 2015 to 2060.
ACO,/CO;, .
— Equation 5
¢ = AGDP/GDP Eq )
where ¢ is the decoupling index. ACO,/CO; is the rate of change in carbon emissions. AGDP/GDP is the rate of change in gross domestic
product. Depending on the value of ¢, there are eight Tapio carbon decoupling elasticity indices and types. Table S2 in the supplemental
information provides a detailed explanation of the decoupling index.

Scenario settings

Scenario analysis is primarily used to predict the characteristics of changes in the system in different directions under the influence of multiple
uncertainties.”’*> The scenario analysis method can be used to fully consider trends in the development of certain indicators in different policy
contexts to further assess whether a certain policy can achieve the expected goals.*” Based on existing research, this study sets as indicators in
the energy consumption module population, urbanization rate, economic growth rate, energy structure, and energy intensity, which directly
or indirectly affect energy consumption and carbon emissions. The values of each indicator under the different scenarios are set with reference
to existing policy documents and the relevant literature. The settings of the key parameters for the three scenarios are shown in Tables S3 and
S4 of the supplemental information.

Baseline scenario

The indicators in the baseline scenario are set according to the existing trends and existing policies, while any future intervention policies are
not used. Considering that the characteristics of energy consumption and economic growth in the new normal period differ significantly from
those in the old normal period, the model parameters in this scenario are set based on the characteristics of energy consumption and the
pattern of economic development in the new normal period.

Policy scenario

The policy scenario is based on the existing development model, considering the national economic and environmental objectives, and
setting the key indicators in the model according to various policies and documents issued by the government. Policies and documents
include the 14th Five-Year Renewable Energy Development Plan,” Outline of the 14th Five-Year Plan for National Economic and Social Devel-
opment and Vision 2035 of the People’s Republic of China,*” The National Population Development Plan (2016-2030),°" Carbon Peaking Ac-
tion Program by 2030,°” The 14th Five-Year Plan for a Modern Energy System, the Comprehensive Work Plan for Energy Conservation and
Emission Reduction in the 14th Five-Year Plan,** the World and China Energy Outlook 2050, the Energy Production and Consumption Rev-
olution Strategy 2016-2030,°° and the 13th Five-Year Plan for Electricity Development, among others.®’ For example, in the State Council's
Action Plan for Carbon Peaking by 2030, it is clearly stated that, by 2030, the proportion of non-fossil energy consumption will reach about
25%, and carbon dioxide emissions per unit of GDP will drop by more than 65% compared to 2005 to achieve the goal of carbon peaking by
2030 successfully. The State Council’'s National Population Development Plan (2016-2030) states that the inertia of China’s total population
growth will diminish and reach a peak around 2030, with the total population forecast to reach about 1.45 billion in 2030. Table S5 in the sup-
plemental information lists the policies related to the setting of key parameters in the policy scenario. These policies include development
objectives and specific policy measures on population, energy supply and energy consumption. The setting of parameter values is based on
the targets in the policies in certain years.
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Green low-carbon scenario

The green low-carbon scenario is based on a policy scenario that considers the new characteristics of China’s energy consumption and eco-
nomic growth and optimizes existing policies. Under this scenario, a modern energy system that is safe, efficient, clean, and low carbon is
rapidly reshaped, a low-carbon economy is fully implemented. And the adaptability and flexibility of the energy supply to changes in energy
demand and services are greatly enhanced. The industrial structure of the production sector has been optimized, energy-saving and emis-
sion-reduction technologies are widely used, the proportion of clean energy use has been further increased, and the level of industrial elec-
trification has been significantly enhanced. The green low-carbon concept is applied throughout the whole process of transportation infra-
structure planning, construction, operation, and maintenance to reduce energy consumption and carbon emissions throughout its life cycle.
The proportion of residents’ green travel has increased. In the power generation module, the installed capacity and power generation capac-
ity of clean energy through photovoltaic, wind energy, and biomass have increased significantly and become the primary mode of power
generation.
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