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Abstract: Shanxi Province, an important source of coal resources in China, has consumed a large
amount of fossil fuels in the past few decades. The CO, emissions of Shanxi Province have been
increasing annually, reaching 541.8 million tons in 2018, 54.6% higher than the national mean. This
will have a negative impact on China’s ability to meet its target of peaking CO, emissions by 2030. To
assist China to achieve this target and reduce CO, emissions in Shanxi Province, this study used the
Long-range Energy Alternatives Planning (LEAP) model to analyze the CO, emissions and peaks
in Shanxi Province from 2019 to 2035 under different scenarios. Furthermore, this study analyzed
the time to peak CO, emissions under different emission reduction measures through a sensitivity
analysis. The results show that in the absence of other mitigation policy interventions, CO, emissions
in Shanxi Province will increase annually, reaching 1646.2 million tons by 2035. Furthermore, this
study shows that if shares of industrial gross domestic product (GDP) in Shanxi, energy intensity
reduction in the industrial and transport sectors compared to the base scenario, thermal power,
and relative clean energy consumption reach 25%, 30%, 50%, and 50%, respectively, by 2035, then
CO; emissions of Shanxi would peak at 801.2 million tons in 2029 and GDP per capita would
increase to USD 2000 by 2035. Finally, according to the results of this study, we have made some
recommendations for emission reduction in Shanxi Province. The limitation of this study was that
the implementation cost of the abatement policy was not considered.

Keywords: LEAP; CO, emissions peak; emission reduction recommendations; Shanxi Province

1. Introduction
1.1. Motivation

Excessive reliance on fossil fuels such as coal and oil not only places a burden on
economic development, but also directly contributes to a series of environmental problems
such as global warming and CO, emissions [1], thereby seriously constraining human
security and sustainable economic and social development. Igbal et al. [2] believe that a
slight increase in air pollution could lead to a dramatic increase in the number of cases
and deaths in NCOV-2019. In fact, the issue of CO, emissions has become a serious threat
at the international level, and low-carbon green development has become the goal of all
countries [3].

After nearly four decades of rapid economic development, China has consumed a
large amount of fossil fuels and produced enormous CO; emissions [4]. A study by the
International Energy Agency (IEA) shows that China overtook the United States (U.S.)
as the world’s largest CO, emitter in 2007 [5], for which CO, emissions are increasing
annually, and accounted for 28.8% of global CO, emissions in 2019 [6]. As a responsible
power, the Chinese government has set a series of emission reduction targets to address
global climate issues [7]. In 2015, China’s government announced that China would
peak CO, emissions before 2030 and reduce 60-65% of CO, emissions intensity compared
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to 2005 [8]. At the 75th Session of the UN General Assembly on 22 September 2020,
Chinese President Xi Jinping announced that China would strive to peak its CO, emissions
before 2030 and achieve carbon neutralization by 2060 [9]. To meet this commitment, 31
Chinese provinces have set CO, reduction targets by 2030 [10]. Many factors affect CO,
emissions, and the characteristics of CO, emissions vary among provinces because of
differences in geographical location, economic development level, industrial structure,
etc. [11]. Therefore, it is necessary to study emission reduction measures and policies to
achieve regional low-carbon economic development goals at the provincial level, which
requires accurate forecasting of CO, emission trends in each province.

As an important source of coal resources in China, Shanxi Province plays a crucial
role in promoting China’s economic development [12]. However, Shanxi Province has
also consumed a large amount of fossil fuels and produced enormous CO, emissions
in the past few decades. In 2018, the CO, emissions of Shanxi Province reached 541.8
million tons, which is 54.6% higher than the national mean [13]. In the context of carbon
peaking and neutrality, in the “14th Five-Year Plan for National Economic and Social
Development”, the Shanxi provincial government declared that Shanxi Province will
develop a low-carbon economy in the following ways [14]: (1) by establishing a green
and diversified energy supply system; (2) by building a green low-carbon consumption
system; and (3) by enhancing the level of energy openness and cooperation by joining the
Beijing-Tianjin-Hebei Energy Collaborative Development Initiative. Therefore, in order to
alleviate the contradiction between regional economic development and environmental
protection, achieve the goal of carbon peak and carbon neutrality, and promote sustainable
socio-economic development, there is an urgent need to accurately predict the peak of CO,
emissions in Shanxi Province and prepare effective emission reduction recommendations.

1.2. Literature Review

In recent years, much research has focused on energy demand and CO; emissions, of
which a number of studies formulated top-down models from a macro perspective [15-21].
Alajmi [15] studied the factors that affect greenhouse gas (GHG) emissions in nine sectors by
using the logarithmic mean deivisia index (LMDI) method for 1990-2016 in Saudi Arabia,
and the analysis showed that the energy effects are a major factor in increasing GHG
emissions and activity, and that energy and population effects are greater in the electricity
sector than in the transport sector. Gu et al. [16] integrated the extended logarithmic
mean divisia index (LMDI) model and the system dynamics (SD) model to explore the
determinants of CO, emission change during 1995-2016 and predict the emission mitigation
potential from 2016 to 2030 in Shanghai, China. The results showed that energy intensity
and GDP per capita are the main positive and negative driving forces on carbon emissions
mitigation and that the CO, emissions and emission per capita would peak by 2025 in
Shanghai. Liu et al. [19] used China as an example and studied the main factors of
carbon emissions in the transport sector using the LMDI approach combined with the C-D
production function. These results showed that from 2001 to 2018, the key factor affecting
carbon emissions in China’s transportation sector was the capital input effect, followed by
the energy structure effect, with the labor input effect being the weakest. Zhang et al. [20]
developed the traditional computable general equilibrium (CGE) model of nuclear power
and input China’s economy into a dynamic general equilibrium model to comprehensively
evaluate and compare the effects of different nuclear policies under the same background.
The results showed that government subsidies have the greatest impact on nuclear power
generation, and that energy taxes have the greatest impact on CO, emission reduction.
Xiao et al. [21] established a CGE model to explore the impacts of energy efficiency, energy
mix, and economy structure on the economy and CO, emissions in China; this study found
that the decline of secondary industry can cause an emission reduction effect, but that this
could sacrifice GDP, whereas the development of a tertiary industry can boost the economy
and assist in reducing CO, emissions. However, although these models can analyze and
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predict the carbon emissions of a particular region or sector, they all focus on the macro
perspective and do not fully consider the technical energy-saving factors [22].

Several studies have developed bottom-up models from the perspective of energy
alternatives and advances in energy-saving technologies [23-27]. Leo et al. [23] used GDP
and total population as independent variables to determine the energy demand trends
over a long-term horizon in end-use sectors using a TIMES model. Musonye et al. [25]
developed a new national-scale, bottom-up energy system optimization model referred to
as the Kenya-TIMES model to evaluate the implications of GHG emissions reduction on the
techno-economic and environmental evolution of Kenya’s power system during the period
from 2020 to 2045. The results show that in order to meet its emission reduction targets,
the Kenyan government needs to develop and implement policies to enhance the use of
renewable energy technologies. Jaskolski [26] studied the impact of the European Union
(EU) Emission Trading Scheme (EUETS) for CO, combined with SO, and NOx emission
trading mechanisms on power technology choice by using the market allocation (MARKAL)
model of the Polish power system. The results show that high emission allowance prices
will lead to decarbonization of electricity production. Nieves et al. [27] used the Long-range
Energy Alternatives Planning System (LEAP) software to analyze the energy demand and
greenhouse gas (GHG) emissions produced in Colombia with two future scenarios (positive
and negative). These models considered the influence of technology factors on energy
demand and CO; emissions; however, detailed data on the technology are required.

LEAP is an energy and environmental accounting tool based on scenario analysis
that was developed by the Stockholm Environment Agency [28]. It can record the energy
consumption, production, and resource extraction of all sectors in an economy [27]. In
addition, LEAP can be used for the long-term forecasting of energy demand and related
environmental issues in energy planning [29,30]. Therefore, the LEAP model is widely used
to study energy demand, GHG emissions, and energy policy making in different regions
and sectors [31]. For example, in terms of predicting regional energy demand and GHG
emissions, Dong et al. [32] established a bottom-up accounting framework and used the
LEAP energy modeling tool to forecast the future of China’s energy consumption structure
under three scenarios. According to the estimates, China’s total energy consumption
will increase to 4470 Mtoe (million tons oil equivalent) in 2040 under the current policies
scenario, 4040 Mtoe in 2040 under the moderate policies scenario, and 3320 Mtoe in 2040
under the strong policies scenario. Mirjat et al. [33] forecasted the long-term electricity
demand and supply for Pakistan (2015-2050) to analysis the policy implementation by
using LEAP model. The model results estimate the demand forecast of 1706.3 Tera Watt
Hours in 2050, which is 19 times higher than the base year demand. Emodi et al. [29]
applied a scenario-based analysis to explore Nigeria’s future energy demand, supply, and
associated GHG emissions from 2010 to 2040 using the LEAP model. The results found that
more aggressive policy intervention by the Nigerian government, as in a green optimistic
scenario (GO), would lead to a decrease in energy demand (2249 Petajoule) and GHG
emissions (124.4 million tons) in 2040. Kumar and Madlener [34] examined the effects of
renewable energy use in electricity supply systems and used the LEAP model to estimate
CO;, emissions by developing various scenarios using the least cost approach. The results
show that in an accelerated renewable energy technology (ARET) scenario, 23% of electricity
is generated by renewables only, and 74% of CO, reduction is possible by 2050. Many
studies have used the LEAP model to study energy demand, GHG emissions, and energy
planning policy in various sectors. For example, Hernandez and Fajardo [28] used the LEAP
software to estimate air pollutant emissions from fixed sources in Bogota D.C., projected to
the year 2050. Under the three scenarios, Hernandez and Fajardo [28] also estimated the
variation of emissions for different assumptions of industrial energy matrixes, providing
proposals for emissions reduction in the city. Jiao et al. [35] used Guangzhou as a case study
city to quantitatively analyze the co-benefits of reducing CO, and air pollutant emissions
under a sustainable scenario in the transport sector by developing a quantitative analysis
model based on the LEAP framework. The model results in significant co-benefits for the
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development of adjusted transportation modes and electrification, and fewer co-benefits
for promoting the use of LNG vehicles and ships. Katta et al. [36] developed a bottom-up
integrated resource planning model for oil sand extraction and upgrading processes; this
model is a novel application of an energy accounting-based framework and accurately
simulates the energy demand and supply in o0il sands from 2007 to 2050. The assessment
using this model shows that Canadian oil sands have an annual average of 7.6 million tons
of GHG emissions that could be mitigated, and that 65% of the GHG reduction potential
comes from institution extraction. Maduekwe et al. [37] employed the LEAP model to
project future energy demand and GHG emissions to determine the most efficient A-S-I
(“Avoid”, “Shift”, and “Improve”) scenario for the city. The research concluded that the
largest obstacle to Lagos meeting its emission reduction targets is the very old vehicles on
its roads. Furthermore, the model data show that from 2020 to 2032, Lagos may not meet
its 50% reduction target unless its vehicle life limit is reduced from 40 years to 22 years, its
vehicle growth rate is reduced from 5% to 2%, and its mileage increases by 2% per year.

1.3. Objectives

Based on the aforementioned literature, many studies have been conducted to predict
CO; emissions. Most of the research has studied CO, emissions at the national or sec-
toral level, and only a few researchers have studied peak CO, emissions at the provincial
level [38]. However, it is worth noting that the differences in geographic location, environ-
ment, and economic development of different provinces lead to different characteristics of
CO, emissions in each province [11]; therefore, the conclusions obtained from studying
CO; emissions only from national and sectors perspectives cannot be well adapted to the
emission reduction of each region. To fill this gap, this paper proposes a bottom-up model
for predicting and analyzing the peak of CO; emissions for Shanxi Province based on LEAP.
Compared to top-down models, this model allows for a more comprehensive and detailed
study of the energy demand and carbon emissions of regional sectors at the micro level,
such as technology [38], and thus is more conducive to the study of energy conservation
and emission reduction issues at the provincial level. The objectives of this study were
as follows:

(1) Forecast the CO, emission trends in Shanxi Province from 2019 to 2035 under different
scenarios and identify the conditions for achieving the goal of reaching the CO,
emissions peak in 2030.

(2) Analyze the impacts of different levels of economic development, industrial structure,
energy intensity, and power supply structure on the time of reaching CO, emissions
peak in Shanxi Province through sensitivity analysis.

(3) Propose relevant proposals for emission reduction in Shanxi Province based on the
results of the analysis described in (1) and (2).

The remainder of this paper is organized as follows: Section 2 introduces the construc-
tion of the Shanxi-LEAP model, including the model framework, data sources, scenario
settings, and parameter settings for sensitivity analysis; Section 3 discusses the results of
the Shanxi-LEAP model, including CO, emissions in Shanxi Province between 2019 and
2035 under different scenarios and the sensitivity of different factors to peak CO, emissions;
and Section 4 presents the conclusions and relevant policy recommendations for energy
conservation and emission reduction in Shanxi Province.

2. Proposed Model
2.1. Framework

This paper proposes a LEAP model to forecast and analyze future CO, emissions
and the time of reaching the CO, emissions peak in Shanxi Province (abbreviated as the
Shanxi-LEAP model). As shown in Figure 1, this model consists of three modules: Final
energy demand, energy conversion, and scenario setting. Given the accessibility and
applicability of data information, we divided the module of final energy demand into six
sectors: agriculture, industrial, building, transport, service, and residential. The energy
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conversion module consists of four sectors: coking, heating, oil refining, and thermal
power generation (including electric transportation losses). There are 12 types of energy
consumed by sectors: raw coal, washed coal, coke, coke oven gas, other coal products,
crude oil, gasoline, diesel, other petroleum products, natural gas, heat, and electricity. In the
scenario setting module, we set up a base scenario (BS) and a comprehensive scenario (CS).
Then, a sensitivity analysis of the peak CO, emissions in Shanxi Province under the CS
was conducted for four parameter types: economic development level, industrial structure,
energy intensity, and power supply structure.

Sector

Agriculture

Transport

Fuel types Putin Sector Put out

(e]]]
Refining

Thermal
power

Electric
transport

BS cs (1) Adjust the economic growth rate on the basis of CS
K itivi (2) Adjust industrial structure on the basis of CS
No new — Multiple factors —SenS't'V.'ty
policy intervene at the analysis | (3) Adjust the energy intensity based on CS
interventions same time (4) Adjust power supply structure based on CS

Figure 1. Shanxi long-range energy alternatives planning (Shanxi-LEAP) model framework. BS—base
scenario, CS—comprehensive scenario.

Total CO, emissions consist of two parts and can be calculated as follows:
CEr = CEf + CE. 1)

where CEr is the total CO, emissions and CE ¥ and CE, are the CO, emissions from the
final energy demand and energy conversion, respectively.
The CO; emissions of final energy demand is calculated by:

CEf =) Y AL; X EI; x 6;; x EF; @)
i

where AL; is the level of activity in sector i, representing GDP in sectors of agriculture,
industry, building, transport, and service as well as the population in the residential sector;
El; is the energy intensity of sector i; 6;; is the ratio of the demand for j energy in sector i to
the total energy demand in sector i; and EF; is the CO, emission factor of fuel type j.

The CO, emissions of energy conversion are calculated by:

CEC:ZZZ%xEFj €)

mtjf]'mt
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where ETO is the production of energy conversion, f is the transformation efficiency, EF is
the CO, emissions factor, m represents the energy conversion modules, and j and ¢ represent
the fuel type of consumption and production in energy transformation, respectively.

2.2. Data Sources

The input parameters for the Shanxi-LEAP model included data on GDP per capita,
industrial structure, population, energy intensity, and energy consumption structure. These
data can be obtained from: (1) official government reports, such as the “Shanxi Provincial
Statistical Yearbook” [39], the “China Energy Statistical Yearbook” [40], National Popu-
lation Development Plan (2016-2030) [41], and the “Outline of the 14th Five-Year Plan
and 2035 Visionary Goals for the National Economic and Social Development of Shanxi
Province” [14]; (2) published research literature; and (3) research reports published by
relevant institutions, such as the World Bank Open Data [6], China Energy and Electricity
Development Planning Study 2030, and Outlook 2060 [42].

To facilitate analysis and ensure comparability after data collection, data expressed
in the various units of different fuels were converted to the same units in this study; for
example, energy consumption was expressed in million tons of standard coal. In addition,
considering data availability, this study used 2019 as the base year to analyze the trends
and peaks of CO, emissions for Shanxi Province.

2.3. Scenario Setting
2.3.1. Base Scenario (BS)

In this scenario, no new policies for reducing CO, emissions were implemented,
leaving the energy demand and CO, emissions of Shanxi Province to evolve naturally
under the current policy conditions. The Shanxi Provincial Government stated in the Shanxi
Development and Reform Commission [14] that the visionary goal for Shanxi Province in
2035 is to reach a per capita GDP of USD 20,000 and achieve basic socialist modernization
in tandem with the nation [43]. Therefore, the BS assumed that GDP per capita in Shanxi
Province will increase at a mean annual rate of 6.7% from 2019 to 2035 to reach RMB
129,358 (converted to USD 20,000) in 2035. According to the Shanxi Statistic Bureau [43],
the resident population of Shanxi Province has accounted for approximately 2.66% of the
national total resident population since 2010. To facilitate the study, the BS assumed that the
resident population of Shanxi Province will remain at this ratio with the national resident
population from 2019 to 2035. Considering that China’s resident population is expected to
peak in approximately 2030 [41], the BS assumed that the population of Shanxi Province
will also peak in 2030. The industrial structure of Shanxi Province, the energy intensity
of each sector, and the energy consumption structure of each sector were determined by
extrapolating the trend from historical data [39,40]. The conversion rate of each energy
conversion sector was calculated based on the “Energy Balance of Shanxi Province in the
China Energy Statistical Yearbook” [40] and data obtained from the “Shanxi Statistical
Yearbook” [39]. The detailed parameter settings of the BS are shown in Table 1, and the
structure of energy consumption by sector in Shanxi Province under the BS is shown in
Appendix A.



Sustainability 2022, 14, 637

7 of 17

Table 1. Detailed parameter settings of gross domestic product (GDP), resident population, and the
energy intensity and GDP share of sectors in the base scenario (BS) and comprehensive scenario (CS).

Base Year BS CS
Parameter Settings

2019 2030 2035 2030 2035
GDP per capita (RMB 10,000) 4.58 10.26 12.94 10.26 12.94
Resident population (million) 37.21 37.56 37.36 37.56 37.36
Energy intensity for sectors 2019 2030 2035 2030 2035
Agricultural 0.26 0.29 0.29 0.29 0.29
Industrial 1.63 1.78 1.78 1.36 1.24
Building 0.15 0.15 0.15 0.15 0.15
Transport 1.02 1.03 1.03 0.82 0.72
Services 0.09 0.10 0.10 0.10 0.10
Residential 0.34 0.33 0.33 0.33 0.33
GDP share (%) for sectors 2019 2030 2035 2030 2035
Agricultural 5.14 5.28 5.28 4.36 4.00
Industrial 38.58 37.21 37.23 29.24 25.00
Building 5.26 5.81 5.80 5.08 5.00
Transport 591 6.40 6.40 597 6.00
Services 45.11 45.30 45.29 55.35 60.00

The units of energy intensity for sectors are 10,000 tons standard coal/10,000 yuan.

2.3.2. Comprehensive Scenario (CS)

This scenario aimed to analyze the trend and peak of CO, emissions in Shanxi Province
by considering multiple emission reduction measures. The first measure was the optimiza-
tion of industrial structure, which reduces the GDP share of energy-intensive sectors (such
as industry and transport) while increasing the GDP share of services. Using developed
economies as a reference [6], the CS assumed that the GDP share of the service sector of
Shanxi Province will reach 60% by 2035, while the GDP shares of the industry and trans-
portation sectors will decrease to 25% and 5%, respectively. The shares of agriculture and
the building sector will also decrease slightly. The second measure was the restructuring of
energy consumption in the different final energy demand sectors. It assumed that the share
of consumption of relatively clean energy sources such as natural gas, heat, and electricity
will exceed 50% by 2035. The third measure was the implementation of energy conservation
policies and incentives, with the aim of improving energy use efficiency and reducing the
energy intensity of the industry and transport sectors. Specifically, the CS assumed a 30%
reduction in the energy intensity of the industrial and transport sectors in Shanxi Province
by 2035 compared with that in the BS. The fourth measure was the optimization of the
power supply structure. According to the “China Energy and Electricity Development
Planning Study 2030 and Outlook 2060” [42], the installed capacity of thermal power in
China is expected to be reduced to 27.6% by 2030. However, considering that the current
thermal power generation in Shanxi Province accounts for a relatively large proportion
(88.1% in 2019) [40], we assume that the installed capacity of thermal power in Shanxi
Province will decrease to 50% by 2035. Other parameters were set in line with the BS. The
detailed parameter settings for the CS are shown in Table 1, and the structure of energy
consumption by sectors in Shanxi Province under the CS is given in Appendix A.

2.4. Sensitivity Analysis

The sensitivity analysis was based on the CS and aimed to analyze how changes in
the economic development level, industrial structure, energy intensity, and power supply
structure affect the trend and peak of CO, emissions in Shanxi Province.

(1) Economic Development Level

The CS assumed a mean annual growth rate of 6.7% in GDP per capita from 2019 to
2035. To analyze the impact of different levels of economic development on the trends and
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peaks of CO, emissions, two additional scenarios were considered. The first was the high
GDP scenario, which assumed a mean annual growth rate of 7.7% in GDP per capita from
2019 to 2035, reaching USD 23,000 by 2035, denoted by CSpign,gpp- The second was the
low GDP scenario, which assumed a mean annual growth rate of 5.7% in GDP per capita
from 2019 to 2035, reaching USD 17,000 by 2035, denoted by CSjo,—gpp. The settings of
the other parameters for CSy,y,gpp and CSpighpp were the same as those for the CS.

(2) Industrial Structure

The CS assumed a 25% GDP share of the industrial sector in 2035. The impact of
different industrial structures on the trend and peak of CO, emissions was investigated
by adjusting the GDP share of the industrial sector. CSis_59, CSis—22.5, CSis—25, CSis_275,
and CSig_39 denoted the scenarios in which the GDP shares of the industrial sector in 2035
were 20%, 22.5%, 25%, 27.5%, and 30%, respectively. The GDP shares of the other sectors
under the different scenarios are shown in Table 2. The settings of the other parameters for
these scenarios were set the same as for the CS; therefore, CSis_p5 corresponded to the CS.

(3) Energy Intensity

The CS assumed that the energy intensity of the industrial and transport sectors in
2035 will be 30% lower than that under the BS. To analyze the impact of different levels
of energy intensity on the trend and peak of CO; emissions, we set the value of this ratio
to vary from 20% to 40% in 5% increments, resulting in five different scenarios, denoted
by CSg1-20, CSgr—25, CSgr—30, CSgr—35, and CSgr_49. The settings of the other parameters
for these scenarios were the same as those for the CS; therefore, CSgj_3¢ corresponded to
the CS.

(4) Power Supply Structure

The CS assumed a 50% installed capacity of thermal power in 2035. The impact of
different power supply structures on the trend and peak of CO, emissions was analyzed by
varying the installed capacity of thermal power from 40% to 60% in 5% increments, leading
to five different scenarios: CSps_49, CSps_45, CSps_50, CSps—_55, and CSps_¢o. The settings
of the other parameters for these scenarios were the same as those for the CS; therefore,
CSps_s5 corresponded to the CS.

Table 2. Parameter settings for major years of gross domestic product (GDP) share by sector under
the comprehensive scenario (CS) and CSys.

Sector 2019 2030 2035

GDP
Ratio (%)  Base Year CSys_20 CS1s-225 CS1s-25 CSis-275 CS1s-_30 CS1s-20 CSis_25 CSys_25 CS1s-275 CSis-30
Agriculture 5.1 4.4 4.4 4.4 4.4 4.4 4.0 4.0 4.0 4.0 4.0
Industrial 38.6 25.8 27.5 29.2 31.0 32.7 20.0 225 25.0 27.5 30.0
Building 5.3 5.1 5.1 5.1 5.1 5.1 5.0 5.0 5.0 5.0 5.0
Transport 5.9 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0

Service 45.1 58.8 57.1 55.3 53.6 519 65.0 62.5 60.0 57.5 55.0

3. Results

3.1. CO, Emission Trends under the BS and CS

The computation results of the Shanxi-LEAP model for the BS during the period from
2019 to 2035 are shown in Figure 2a. These results showed a gradually increasing annual
trend of total CO, emissions in Shanxi Province, reaching 1646.2 million tons in 2035 with
an increase of 1065.4 million tons from 2019. Under the BS, the CO, emissions of different
final energy demand sectors (agriculture, industry, building, transportation, service, and
residential) and different energy conversion sectors (thermal power, heat supply, coking,
and oil refining) will continue to increase. The CO, emissions of different sectors in
Shanxi Province will decrease from industry > thermal power > coking > heat supply > oil
refining > transportation > service > residential > agriculture > building, reaching 621.6,
431.4,279.8,116.8,72.7,58.2,30.4, 15.4, 13.5, and 6.6 million tons in 2035, respectively.

Figure 2b depicts the CO; emissions trends in Shanxi Province under CS during
2019-2035, when the CO, emissions growth rate in Shanxi Province will decrease annually.
Total CO, emissions will peak at 801.2 million tons in 2029 and then decline to 749.9 million
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tons in 2035. In comparison, the total CO, emissions of Shanxi Province in 2029 and 2035
under the BS will be 12578.0 and 1646.2 million tons, respectively. The results showed that
the combined effect of multiple emission reduction measures (as mentioned previously)
can significantly slow down the CO, emissions growth rate in Shanxi Province. In addition,
we also conclude that by 2035, if the industrial GDP share in Shanxi Province is reduced
to 25%, energy intensity in the industrial and transport sectors will be reduced by 30%
compared to that in the BS scenario. Furthermore, the share of thermal power generation
will be reduced to 50%, and that of relatively clean energy consumption, such as natural
gas and electricity, will exceed 50%. Consequently, Shanxi will be able to achieve the target
of peaking CO, emissions by 2030 as scheduled, and will also be able to achieve the goal of
maintaining GDP at a mean annual growth rate of 6.7%.

m Agriculture m Industrial Building Transport
m Service m Residential Thermal power  mHeating

1800
» 1500

1200
900

e

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Year

CO2 (million tons

(a) Base Scenario

900
800

700
600
500

400
300
200
100

CO2 (million tons)

0
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Year
(b) Comprehensive Scenario

Figure 2. CO, emission trends in Shanxi Province under the base scenario (BS) and comprehensive
scenario (CS) from 2019 to 2035.

In addition, as Figure 2b shows, the CO; emissions will peak earlier for most sectors in
Shanxi Province under the CS than under the BS. In the final energy demand modules, the
CO; emissions of the agriculture, industrial, and transport sectors will peak at 6.2 million
tons in 2031, 235.5 million tons in 2024, and 27.8 million tons in 2033; residential CO,
emissions will decrease annually, and the building and service sectors will not reach peak
CO; emissions. In energy conversion modules, the CO, emissions of oil refining, coking,
and thermal power sectors will peak at 31.0 million tons in 2028, 110.1 million tons in 2025,
and 290.9 million tons in 2032, and the heating sector will not reach peak CO, emissions.
This indicates that the peak of CO, emissions will occur earlier in most sectors with higher
carbon emission intensity in Shanxi Province (such as industrial, coking, and oil refining)
under the combined effect of multiple emission reduction measures. Moreover, although
the CO, emissions from the industrial and coking sectors in 2019-2035 continue to be large,
they have exhibited a clear downward trend, and the energy conversion sector, mainly
thermal power generation and heat supply, has had an increasing impact on total CO,
emissions in Shanxi Province.
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3.2. Sensitivity Analysis to Peak CO, Emissions under the CS

(1) Economic Development Level

Figure 3 shows the trends of total CO, emissions in Shanxi Province under different
economic development levels based on the CS from 2019 to 2035. The total CO; emissions
will peak at 898.7 million tons in 2030 under CSpig,gpp, and then decline to 856.5 million
tons in 2035. In comparison, the total CO, emissions under CSy,,,_gpp Will peak in 2028
at 709.2 million tons and then decrease to 643.4 million tons by 2035. The results show
that reducing the mean annual growth rate of GDP per capita in Shanxi Province can
significantly reduce the total CO; emissions and advance the time of peaking CO, emissions.
Since the GDP growth rate with the economic status and development level of a country
or region are positively correlated, it is not recommended that the economic development
level be suppressed in order to reduce CO, emissions. As an alternative, we should
include “carbon peaking and carbon neutral” as one of the main decision-making factors
to reasonably set the medium- and long-term GDP growth targets of Shanxi Province and
formulate corresponding economic development strategies.

CShigh—cpP Cs CSiow-cpP

20182019 20202021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036

Year

Figure 3. Development of total CO, emissions under different economic development level based on
the comprehensive scenario (CS). CSpign—gpp—high GDP scenario, CSjoy,— gpp—low GDP scenario.

(2) Industrial Structure

Figure 4 displays the trend of total CO, emissions in Shanxi Province under different
industrial structures based on the CS from 2019 to 2035. It can be seen that the total CO,
emissions under CSig_»g and CSyg_»» 5 are both lower than that under the CS (i.e., CSig_»5).
CSis_n0 (or CSis_p5) will peak at 747.2 (or 772.5) million tons of total CO, emissions in
2027 (or 2028), and then decline to 652.9 (or 701.4) million tons by 2035. In comparison,
the total CO; emissions under CSis_575 and CSis_3y9 were higher than those under the
CS. CSis_p75 (or CSys_30) will reach a peak of 833.2 (or 868.3) million tons of total CO,
emissions in 2030 (or 2031), which will then decrease to 798.5 (or 847.0) million tons in 2035.
The results highlight that shifting the GDP share of industry to services can effectively
reduce CO; emissions in Shanxi Province and advance the time of peaking CO, emissions.
Using the CS as a reference, each additional 2.5% shift in industrial sector GDP to services
would advance the peak CO; emissions in Shanxi by 1 year, and result in the reduction of
CO; emissions by 48.53 million tons by 2035.
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Figure 4. Development of total CO, emissions under different industrial structures based on the
comprehensive scenario (CS). CSig_,—assumes a x% GDP share of the industrial sector in 2035.

(3) Energy Intensity

Figure 5 shows the total CO, emissions trend in Shanxi Province under different
energy intensities based on the CS from 2019 to 2035. It can be seen that the total CO,
emissions under CSgy_pp and CSgj_p5 are both higher than those under the CS (i.e., CSgj_30).
CSgj_p0 (or CSg—_p5) will peak at 860.9 (or 830.0) million tons of total CO, emissions in
2031 (or 2030), and then decline to 834.1 (or 792.0) million tons by 2035. In contrast, the
total CO, emissions under CSg;_35 and CSgy_49 are lower than those under the CS. CSg;_35
(or CSgy_49) will peak at 774.8 (or 751.3) million tons of total CO, emissions in 2029 (or
2028), and then decline to 707.9 (or 665.8) million tons by 2035. The results show that
strengthening the implementation of energy conservation policies to decrease the energy
intensity of high carbon emissions, such as those from industrial and transport sectors, can
significantly reduce CO, emissions in Shanxi Province and advance the time of peaking
CO, emissions. Using the CS as a reference, for every 5% reduction in the proportion of
decline in energy intensity of industrial and transport sectors compared with BS, the time
to peak CO; emissions in Shanxi Province will occur 1 year later, and CO, emissions will
increase by 42.07 million tons by 2035.

CSgr-20 e CSE1-25 CSgr1-30 CSgr-35 CSgr-40

201820192020202120222023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036

Year
Figure 5. Development of total CO, emissions under different energy intensity of sectors based on
the comprehensive scenario (CS). CSgj_ y—assumes that the energy intensity of the industrial and
transport sectors in 2035 will be x% lower than that under the BS.
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(4) Power Supply Structure

Figure 6 presents the total CO, emissions trend in Shanxi Province under different
power supply structures based on the CS from 2019 to 2035. The total CO, emissions under
CSps_49 and CSpg_45 are both lower than those under the CS (i.e., CSpg_50). CSps_4 (or
CSps_45) will peak at 773.7 (or 786.8) million tons of total CO;, emissions in 2028 (or 2029),
and then decline to 690.9 (or 720.4) million tons by 2035. In comparison, the total CO,
emissions under CSps_s55 and CSps_gp are higher than those under the CS. CSps_s5 (or
CSps_g0) will reach a peak of 817.3 (or 834.5) million tons of total CO, emissions in 2030 (or
2031), and then decrease to 779.5 (or 809.0) million tons in 2035. The results highlight that
reducing the proportion of thermal power generation in the power supply structure can
effectively reduce CO, emissions in Shanxi Province and significantly accelerate the peak
of CO, emissions. Using the CS as a reference, for every 5% increase in the share of thermal
power generation in 2035, the peak of CO, emissions in Shanxi Province will occur 1 year
later, and CO, emissions will increase by 29.51 million tons by 2035.

CSps-60

CSps-s0 CSps-s5

2018201920202021 20222023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036

Year

Figure 6. Development of total CO, emissions under different power supply structure based on the
comprehensive scenario (CS). CSps_,—assumes a x% installed capacity of thermal power in 2035.

4. Conclusions

In this study, the CO; emissions and the time of peaking CO, emissions in Shanxi
Province were estimated using the LEAP model under different scenarios from 2019 to
2035. The main findings are summarized as follows:

(1) In terms of total CO, emissions and the time to peak emissions, under the condition
that no other energy policies are adopted (i.e., the BS), CO; emissions in Shanxi Province
will continue to increase, reaching 1646.2 million tons by 2035, and will not peak in 2019-
2035. Under the comprehensive effect of the factors mentioned in the paper (i.e., the CS),
the growth rate of CO, emissions in Shanxi Province will slow down significantly and
peak at 801.2 million tons in 2029 before decreasing to 749.9 million tons in 2035. The
peak time was earlier than that in most of the scenarios for Guangdong Province in the
study by Ren et al. [44], and the value of the peak was lower than the peak of Guangdong
Province (984.78 million tons) in the Ren et al. [44] study. The results of the CS analysis
suggest that for Shanxi Province to reach peak CO, emissions by 2030 without sacrificing
economic development, the share of GDP in the industrial sector for Shanxi Province needs
to decrease to <25% by 2035 (through a shift to services), the share of relatively clean energy
consumption (such as natural gas and electricity) needs to exceed 50%, energy intensity in
the industrial and transport sectors needs to be reduced by 30% compared to that in the
BS, and the share of thermal power generation needs to be reduced to <50%. Therefore,
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we conclude that Shanxi Province can achieve the goal of “carbon peaking” on schedule
without sacrificing regional economic development, but it requires the concerted efforts of
all sectors. For example, the industrial sector should consider accelerating the elimination
of backward production capacity, strictly limiting the expansion of high energy consuming
industries, shifting the industrial sector’s GDP to high-tech industries as appropriate,
and striving to reduce the industrial sector’s GDP share to 25% by 2035. Policy makers
should consider moderately increasing clean energy promotion and subsidies, optimizing
the energy consumption structure, and striving to reach more than 50% of relatively
clean energy consumption such as natural gas and electricity by 2035. At the same time,
government investment departments should consider increasing investment in research
and development of emission reduction strategies for sectors with high carbon intensity,
such as industry and transportation, in order to reduce the energy intensity of these high
carbon emission sectors and strive to reduce the energy intensity of the industry and
transportation sectors by more than 30% by 2035 compared to that in the BS. In addition,
the power development sector should also consider accelerating the retirement of thermal
power generation units and other high carbon emission-generating units, while increasing
the proportion of clean power units in service to replace retired generating units to ensure
the stability of power supply, with the aim of reducing the share of thermal power to less
than 50% by 2035.

(2) In terms of sectoral CO, emissions and the time to peak emissions, under the BS,
the CO, emissions of all sectors in Shanxi Province will increase annually from 2019 to 2035,
and will not peak prior to 2035. Moreover, Shanxi Province, as a heavy industrial province
in China, is rich in coal resources and has a large proportion of thermal power generation
in its power supply structure. Thus, CO, emissions from both the industrial and energy
conversion sectors are large in the BS. However, it is worth noting that CO, emissions in
most of the sectors in Shanxi Province (such as industrial, coking, agriculture, and transport)
will peak earlier than will occur under the BS under the combined effect of various factors
mentioned in this paper. In addition, there is a clear downward trend in CO, emissions
from the industrial sector, and the CO; emissions from energy conversion sectors (mainly
the heating sector) have an increasing impact on the total CO, emissions in Shanxi Province.
We conclude that the industrial sector in Shanxi Province has a large potential for emission
reduction, but the share of CO, emissions from the energy conversion sector is gradually
increasing with the implementation of energy consumption structure optimization and
other emission reduction measures. Therefore, we suggest that government departments in
Shanxi Province consider strengthening the implementation of emission reduction policies
for the industrial sector, while also paying more attention to the energy conversion sector,
such as by promoting the deep integration of “industry-university-research”, improving
the efficiency of energy conversion, and accelerating the optimization of power supply
structure in order to successfully achieve the “carbon neutral” strategic emission reduction
goal by 2060.

(3) According to the sensitivity analysis, each of the following can effectively reduce
CO; emissions in Shanxi Province and result in the peak time occurring earlier: moderately
slowing down economic growth; shifting the GDP share of industry to services; decreasing
the energy intensity of high carbon emissions sectors, such as industrial and transport
sectors; and reducing the proportion of thermal power in the power structure. Therefore,
when formulating energy planning, energy conservation, and emission reduction policies,
Shanxi Province should consider making moderate adjustments to the above-mentioned
targets to ensure the smooth operation of the economy and the stable development of all
aspects of society, while ensuring that the peak of CO, emissions is reached by 2030.

Regarding the significance of the results, although this paper is concerned with a
specific region (Shanxi Province, China), the methodology used in this study is also appli-
cable to the analysis of emission reduction strategies in other provinces. Furthermore, the
strategies analyzed in this paper, such as reducing the economic growth rate and optimizing
the industrial structure and energy consumption structure, are also applicable to other
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provinces. However, it is worth noting that the specific values corresponding to these
strategies need to be determined according to the actual situation of each region and cannot
be generalized.

This paper only studies the emission reduction strategies in Shanxi Province in terms
of the effects of policy implementation, without considering the implementation costs of
these measures; therefore, the trade-offs between the implementation costs of emission
reduction measures and the effects of emission reduction can be studied in future research.
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Abbreviations

CEr total CO, emissions

CEf  the CO; emissions from the final energy demand

CE. the CO, emissions from the energy conversion

AL;  the level of activity in sector i

ElL the energy intensity of sector i

0i the ratio of the demand for j energy in sector i to the total energy demand in sector i
EF;  the CO; emissions factor of fuel type j

ETO the production of energy conversion

f the transformation efficiency

EF the CO, emissions factor

m the energy conversion modules

j the fuel type of consumption in energy transformation
t the fuel type of production in energy transformation

Abbreviation of scenario name

BS Base Scenario

cSs Comprehensive Scenario

CSpigh-gpp @ scenario which assumed 1% increase in annual GDP per capita growth rate
based on the comprehensive scenario

CSiow_GDP a scenario which assumed 1% decrease in annual GDP per capita growth rate
based on the comprehensive scenario

CSis_y a scenario which assumed a x% GDP share of the industrial sector in 2035 under
the comprehensive scenario
CSgr_y a scenario which assumed the energy intensity of the industrial and transport

sectors in 2035 will be x% lower than that under the BS, other parameter settings
are the same as Comprehensive scenario

CSps_« a scenario which assumed a x% installed capacity of thermal power in 2035, other
parameter settings are the same as Comprehensive scenario
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Appendix A

Parameter settings of energy consumption structure of Shanxi Province’s final energy
consumption sector for major years under the base scenario (BS) and comprehensive
scenario (CS).

Energy Consumption R Wa%h;ld and Coke Other Other Natural
Structure by Sector Year aw er Coke Oven Coal Gasoline Diesel Petroleum AU Heat Electricity
o Coal Washed Gas
(%) Gas Products Products
Coal

Baseyear 2019  38.83 9.33 25.44 26.40
BS 2030  45.69 10.53 20.87 2292
Agriculture 2035  45.60 10.50 20.94 22.96
cs 2030 3276 7.73 13.45 46.06
2035  30.00 7.00 8.00 55.00
Base year 2019 2453 117 2297 9.75 12.32 0.07 0.93 0.01 3.48 5.29 19.49
BS 2030 28.20 1.33 2196 9.63 10.21 0.18 1.11 0.04 3.02 5.50 18.83
Industrial 2035 28.14 1.33 2197  9.63 10.24 0.17 1.11 0.04 3.02 5.50 18.85
cs 2030 17.98 1.05 1522 855 591 0.16 0.98 0.07 7.96 8.53 33.59
2035  15.00 1.00 11.70  8.00 3.00 0.20 1.00 0.10 1000  10.00 40.00
Base year 2019  2.69 0.00 16.69 54.09 0.29 1.01 1.37 23.86
BS 2030 6.12 0.05 17.69 48.92 0.81 2.34 231 21.76
Building 2035  6.06 0.05 17.67 49.02 0.81 2.32 2.29 21.79
cs 2030 4.28 0.00 12.09 30.65 0.78 9.94 3.87 38.39
2035  5.00 0.00 10.00 20.00 1.00 14.00 5.00 45.00
Baseyear 2019  0.62 20.86 47.15 6.45 1287 253 9.52
BS 2030  3.65 18.90 49.79 5.10 12.21 191 8.44
Transport 2035 3.62 18.93 49.73 5.12 1222 192 8.46
cs 2030 157 13.39 31.92 4.08 2465 285 21.54
2035  2.00 10.00 25.00 3.00 30.00 3.00 27.00
Base year 2019 31.64 0.00 0.00 0.20 5.76 1.67 0.14 19.33 11.88 29.37
BS 2030 38.53 0.10 0.13 041 5.18 1.81 0.08 14.02 14.16 25.59
Service 2035  38.46 010 013 0.41 5.18 1.80 0.09 14.07 1412 25.65
cs 2030 20.20 0.07 007 0.27 3.86 1.49 0.11 1979 1746 36.68
2035 15.00 0.10 0.10 0.30 3.00 1.40 0.10 20.00 20.00 40.00
Baseyear 2019 2295 0.00 0.00 4.09 458 0.30 0.86 1494 3161 20.66
BS 2030 2559 475 0.26 3.22 474 0.27 0.79 13.69  27.40 19.29
Residential 2035 25.57 4.68 0.25 3.23 4.74 0.27 0.79 13.70 27.45 19.31
cs 2030 17.48 2.06 0.69 2.65 2.81 0.16 0.54 17.04 3291 23.64
2035 15.00 3.00 1.00 2.00 2.00 0.10 0.40 18.00 33.50 25.00

References

1. Kavari, G.; Tahani, M.; Mirhosseini, M. Wind shear effect on aerodynamic performance and energy production of horizontal axis
wind turbines with developing blade element momentum theory. J. Clean. Prod. 2019, 219, 368-376. [CrossRef]

2. Igbal, W,; Tang, Y.M.; Chau, K.Y.; Irfan, M.; Mohsin, M. Nexus between air pollution and NCOV-2019 in China: Application of
negative binomial regression analysis. Process Saf. Environ. Prot. 2021, 150, 557-565. [CrossRef]

3. Rauf, A; Ozturk, I.; Ahmad, F; Shehzad, K.; Chandiao, A.A ; Irfan, M.; Abid, S.; Jinkai, L. Do Tourism Development, Energy
Consumption and Transportation Demolish Sustainable Environments? Evidence from Chinese Provinces. Sustainability 2021,
13,12361. [CrossRef]

4. Irfan, M.; Elavarasan, R.M.; Hao, Y.; Feng, M.; Sailan, D. An assessment of consumers’ will-ingness to utilize solar energy in
China: End users’ perspective. ]. Clean. Prod. 2021, 292, 126008. Available online: https://www.sciencedirect.com/science/
article/abs/pii/S0959652621002286 (accessed on 5 November 2021). [CrossRef]

5. International Energy Agency (IEA). World Energy Outlook 2017. Available online: https://www.iea.org/we02017/ (accessed on
5 November 2021).

6.  BP. World Bank Open Data. 2020. Available online: https://data.worldbank.org.cn/country/china?view=chart/ (accessed on 5
November 2021).

7. Li Y, Yang, X;; Ran, Q.; Wu, H,; Irfan, M.; Ahmad, M. Energy structure, digital economy, and carbon emissions: Evidence from
China. Environ. Sci. Pollut. Res. 2021, 28, 64606—-64629. [CrossRef]

8.  State Council. Intensifying Action on Climate Change—China’s Country-Owned Contribution. 2015. Available online: https:
/ /huanbao.bjx.com.cn/news /20150701 /636392.shtml (accessed on 5 November 2021).

9.  MICCTECH. The Historical Background, Significance and Change Path of China’s “Double Carbon” Goal. 2021. Available online:
https:/ /www.micctech.com /news-231.html (accessed on 5 November 2021).

10. Carbon Guardian. 31 Provinces and Cities “Double Carbon” Goals and Planning Summary. 2021. Available online: https:

/ /baijiahao.baidu.com/s?id=1703826083851746879&wfr=spideré&for=pc (accessed on 5 November 2021).


http://doi.org/10.1016/j.jclepro.2019.02.073
http://doi.org/10.1016/j.psep.2021.04.039
http://doi.org/10.3390/su132212361
https://www.sciencedirect.com/science/article/abs/pii/S0959652621002286
https://www.sciencedirect.com/science/article/abs/pii/S0959652621002286
http://doi.org/10.1016/j.jclepro.2021.126008
https://www.iea.org/weo2017/
https://data.worldbank.org.cn/country/china?view=chart/
http://doi.org/10.1007/s11356-021-15304-4
https://huanbao.bjx.com.cn/news/20150701/636392.shtml
https://huanbao.bjx.com.cn/news/20150701/636392.shtml
https://www.micctech.com/news-231.html
https://baijiahao.baidu.com/s?id=1703826083851746879&wfr=spider&for=pc
https://baijiahao.baidu.com/s?id=1703826083851746879&wfr=spider&for=pc

Sustainability 2022, 14, 637 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

China Carbon Emissions Trading Network. Analysis of the Current Situation of Carbon Dioxide Emissions and Intensity in
China by Province. 2015. Available online: http://www.tanpaifang.com/tanguwen/2015/0404/43614.html (accessed on 5
November 2021).

Ma, D. Evolution of economic development strategy in Shanxi Province since the founding of New China. . Econ. Res. 2020, 11, 2.
Available online: http://qgikan.cqvip.com/Qikan/Article/Detail?id=7101542321 (accessed on 5 November 2021).

CEADs. Emission Inventories for 30 Provinces. 2017. Available online: https:/ /www.ceads.net.cn/data/province/ (accessed on
5 November 2021).

Shanxi Development and Reform Commission. Shanxi Province, the Fourteenth Five-Year Plan for National Economic and Social
Development and the Outline of the 2035 Vision. 2021. Available online: http://fgw.shanxi.gov.cn/fggz/wngz/fzgh2/202104/t2
0210416127485.shtml/ (accessed on 5 November 2021).

Alajmi, R.G. Factors that impact greenhouse gas emissions in Saudi Arabia: Decomposition analysis using LMDI. Energy Policy
2021, 156, 112454. [CrossRef]

Gu, S.; Fu, B; Thriveni, T.; Fujita, T.; Ahn, ].W. Coupled LMDI and system dynamics model for estimating urban CO, emission
mitigation potential in Shanghai, China. J. Clean. Prod. 2019, 240, 118034. [CrossRef]

Xiao, S.; Dong, H.; Geng, Y.; Fujii, M.; Pan, H. Greenhouse gas emission mitigation potential from municipal solid waste treatment:
A combined SD-LMDI mode. Waste Manag. 2020, 120, 725-733. [CrossRef]

Fang, D.; Hao, P,; Hao, J. Study of the influence mechanism of China’s electricity consumption based on multi-period ST-LMDI
model. Energy 2019, 170, 730-743. [CrossRef]

Liu, M.; Zhang, X.; Zhang, M.; Feng, Y.; Liu, Y.; Wen, J.; Liu, L. Influencing factors of carbon emissions in transportation industry
based on CD function and LMDI decomposition model: China as an example. Environ. Impact Assess. Rev. 2021, 90, 106623.
[CrossRef]

Zhang, T.; Ma, Y.; Li, A. Cenario analysis and assessment of China’s nuclear power policy based on the Paris Agreement: A
dynamic CGE model. Energy 2021, 228, 120541. [CrossRef]

Xiao, B.; Niu, D.; Wu, H. Exploring the impact of determining factors behind CO, emissions in China: A CGE appraisal. Sci. Total
Environ. 2017, 581-582, 559-572. [CrossRef] [PubMed]

Yang, D.; Liu, D.; Huang, A.; Lin, J.; Xu, L. Critical transformation pathways and so-cio-environmental benefits of energy
substitution using a LEAP scenario modeling. Renew. Sustain. Energy Rev. 2021, 135, 110116. [CrossRef]

Leo, S.D.; Caramuta, P.; Curci, P.; Cosmi, C. Regression analysis for energy demand projection: An application to TIMES-Basilicata
and TIMES-Italy energy models. Energy 2020, 196, 117058. [CrossRef]

Tash, A.; Ahanchian, M.; Fahl, U. Improved representation of investment decisions in the German energy supply sector: An
optimization approach using the TIMES model. Energy Strategy Rev. 2019, 26, 100421. [CrossRef]

Musonye, X.S.; Davidsdottir, B.; Kristjansson, R.; Asgeirsson, E.L; Stefansson, H. Environmental and techno-economic assessment
of power system expansion for projected demand levels in Kenya using TIMES modeling framework. Energy Sustain. Dev. 2021,
63, 51-66. [CrossRef]

Jaskolski, M. Modelling long-term technological transition of Polish power system using MARKAL: Emission trade impact.
Energy Policy 2016, 97, 365-377. [CrossRef]

Nieves, J.A.; Aristizabal, A.].; Dyner, L; Baez, O.; Ospina, D.H. Energy demand and green-house gas emissions analysis in
Colombia: A LEAP model application. Energy 2019, 169, 380-397. [CrossRef]

Hernandez, K.D.; Fajardo, O.A. Estimation of industrial emissions in a Latin American megacity under power matrix scenarios
projected to the year 2050 implementing the LEAP model. J. Clean. Prod. 2021, 303, 126921. [CrossRef]

Emodi, N.V;; Emodi, C.C.; Murthy, G.P.; Emodi, A.S.A. Energy policy for low carbon development in Nigeria: A LEAP model
application. Renew. Sustain. Energy Rev. 2017, 68, 247-261. [CrossRef]

Yang, D.; Liu, B.; Ma, W.; Guo, Q.; Li, E; Yang, D. Sectoral energy-carbon nexus and low-carbon policy alternatives: A case study
of Ningbo, China. J. Clean. Prod. 2017, 156, 480—490. [CrossRef]

Liang, M.; Wang, Y.; Wang, G. China’s low-carbon-city development with ETS: Forecast on the energy consumption and carbon
emission of Chonggqing. Energy Procedia 2014, 61, 2596-2599. [CrossRef]

Dong, K.-Y.; Sun, R.-].; Li, H; Jiang, H.-D. A review of China’s energy consumption structure and outlook based on a long-range
energy alternatives modeling tool. Pet. Sci. 2016, 14, 214-227. [CrossRef]

Mirjat, N.H.; Uqaili, M.A.; Harijan, K.; Das Walasai, G.; Mondal, A.H.; Sahin, H. Long-term electricity demand forecast and supply
side scenarios for Pakistan (2015-2050): A LEAP model application for policy analysis. Energy 2018, 165, 512-526. [CrossRef]
Kumar, S.; Madlener, R. CO, emission reduction potential assessment using renewable energy in India. Energy 2016, 97, 273-282.
[CrossRef]

Jiao, J.; Huang, Y.; Liao, C. Co-benefits of reducing CO, and air pollutant emissions in the urban transport sector: A case of
Guangzhou. Energy Sustain. Dev. 2020, 59, 131-143. [CrossRef]

Katta, A.K,; Davis, M.; Subramanyam, V.; Dar, A.F.; Mondal, M.A.H.; Ahiduzzaman, M.; Kumar, A. Assessment of energy
demand-based greenhouse gas mitigation options for Canada’s oil sands. J. Clean. Prod. 2019, 241, 118306. [CrossRef]
Maduekwe, M.; Akpan, U.; Isihak, S. Road transport energy consumption and vehicular emissions in Lagos, Nigeria: An
application of the LEAP model. Transp. Res. Interdiscip. Perspect. 2020, 6, 100172. [CrossRef]


http://www.tanpaifang.com/tanguwen/2015/0404/43614.html
http://qikan.cqvip.com/Qikan/Article/Detail?id=7101542321
https://www.ceads.net.cn/data/province/
http://fgw.shanxi.gov.cn/fggz/wngz/fzgh2/202104/t20210416127485.shtml/
http://fgw.shanxi.gov.cn/fggz/wngz/fzgh2/202104/t20210416127485.shtml/
http://doi.org/10.1016/j.enpol.2021.112454
http://doi.org/10.1016/j.jclepro.2019.118034
http://doi.org/10.1016/j.wasman.2020.10.040
http://doi.org/10.1016/j.energy.2018.12.212
http://doi.org/10.1016/j.eiar.2021.106623
http://doi.org/10.1016/j.energy.2021.120541
http://doi.org/10.1016/j.scitotenv.2016.12.164
http://www.ncbi.nlm.nih.gov/pubmed/28062102
http://doi.org/10.1016/j.rser.2020.110116
http://doi.org/10.1016/j.energy.2020.117058
http://doi.org/10.1016/j.esr.2019.100421
http://doi.org/10.1016/j.esd.2021.05.006
http://doi.org/10.1016/j.enpol.2016.07.017
http://doi.org/10.1016/j.energy.2018.12.051
http://doi.org/10.1016/j.jclepro.2021.126921
http://doi.org/10.1016/j.rser.2016.09.118
http://doi.org/10.1016/j.jclepro.2017.04.068
http://doi.org/10.1016/j.egypro.2014.12.256
http://doi.org/10.1007/s12182-016-0136-z
http://doi.org/10.1016/j.energy.2018.10.012
http://doi.org/10.1016/j.energy.2015.12.131
http://doi.org/10.1016/j.esd.2020.10.005
http://doi.org/10.1016/j.jclepro.2019.118306
http://doi.org/10.1016/j.trip.2020.100172

Sustainability 2022, 14, 637 17 of 17

38.

39.

40.

41.

42.

43.

44.

Zhang, X.; Chen, Y,; Jiang, P; Liu, L.; Xu, X.; Xu, Y. Sectoral peak CO; emission measurements and a long-term alternative CO,
mitigation roadmap: A case study of Yunnan, China. J. Clean. Prod. 2020, 247, 119171. [CrossRef]

Shanxi Statistics Bureau. Shanxi Statistical Yearbook; China Statistic Bureau, China Statistics Press: Beijing, China, 2020. Available
online: http://tjj.shanxi.gov.cn/ (accessed on 5 November 2021).

China Statistic Bureau. China Energy Statistical Yearbook 2020; China Statistic Bureau, China Statistics Press: Beijing, China, 2020.
Available online: https://www.yearbookchina.com/navibooklist-n3020013309-1.html/ (accessed on 5 November 2021).

State Council. National Population Development Plan (2016-2030). 2017. Available online: http://www.gov.cn/xinwen/2017-0
1/25/content_5163528.htm (accessed on 5 November 2021).

Global Energy Internet Development Cooperation Organization. China Energy and Electricity Development Planning Study
2030 and Outlook 2060. 2021. Available online: https:/ /shupeidian.bjx.com.cn/html/20210319/1142781.shtml/ (accessed on 5
November 2021).

Shanxi Statistic Bureau. Analysis of the Current Situation of Population Development in Shanxi Province in 2018. 2018. Available
online: http:/ /tjj.shanxi.gov.cn/sjjd /sjxx/201908/t20190806_102435.shtml/ (accessed on 5 November 2021).

Ren, E; Long, D. Carbon emission forecasting and scenario analysis in Guangdong Province based on optimized Fast Learning
Network. J. Clean. Prod. 2021, 317, 128408. [CrossRef]


http://doi.org/10.1016/j.jclepro.2019.119171
http://tjj.shanxi.gov.cn/
https://www.yearbookchina.com/navibooklist-n3020013309-1.html/
http://www.gov.cn/xinwen/2017-01/25/content_5163528.htm
http://www.gov.cn/xinwen/2017-01/25/content_5163528.htm
https://shupeidian.bjx.com.cn/html/20210319/1142781.shtml/
http://tjj.shanxi.gov.cn/sjjd/sjxx/201908/t20190806_102435.shtml/
http://doi.org/10.1016/j.jclepro.2021.128408

	Introduction 
	Motivation 
	Literature Review 
	Objectives 

	Proposed Model 
	Framework 
	Data Sources 
	Scenario Setting 
	Base Scenario (BS) 
	Comprehensive Scenario (CS) 

	Sensitivity Analysis 

	Results 
	CO2 Emission Trends under the BS and CS 
	Sensitivity Analysis to Peak CO2 Emissions under the CS 

	Conclusions 
	Appendix A
	References

