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Facing the increasingly severe climate situation, China strives to improve its

Nationally Determined Contributions, promising to reach its carbon peak by

2030. Accurately predicting the future demand quantity and changing the

trends of coal resources is the key to maintaining national energy security

and achieving the goal of “carbon peak” and is also an important research

topic in the future. To improve the prediction accuracy, this study sorts out

eight common factors affecting the coal demand from the aspects of the

economy, population, and energy. The grey relational analysis method was

used to describe the degree of importance of each factor and screen out the

relatively vital factors. The system dynamics model for coal demand in Shanxi

Province was also established. The coal demand and carbon emission trends

in Shanxi Province from 2021 to 2030 were predicted under business-as-

usual, low-speed and high-speed development scenarios. The study results

show that: 1) During the 14th Five-Year Plan to 15th Five-year Plan, the trend

of coal demand has changed from increasing to decreasing. Under the three

scenarios, the coal demand in 2021 is expected to be 372.03 million tons,

365.97 million tons, 360.04 million tons, and it is expected that the coal

demand will peak in 2025, and will reach 394.77 million tons, 390.27 million

tons, and 385.66 million tons under the three scenarios, respectively. 2) With

the development of population and economy, the total energy demand

shows a continuously increasing trend. It is estimated that the total energy

consumption will reach 237.46-242.93 million tons of standard coal in 2030,

and the total energy demand will continue to grow in the foreseeable future.

3) The carbon dioxide emission is closely related to the coal demand,

showing a similar variation trend. Under the business-as-usual

development scenario, carbon emissions in 2021 are 699.62 million tons,

and carbon emissions are expected to reach 681.12 million tons in 2030. The

low-speed development and high-speed development scenarios have

different degrees of energy saving and emission reduction benefits.

Compared with the business-as-usual development scenario in 2030, the

carbon dioxide emissions will be reduced by 1.64 million tons and

3.56 million tons respectively. Finally, we put forward important policy

measures to promote the economic transformation and upgrading of

Shanxi Province and accelerate the realization of the “carbon peak” goal.
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1 Introduction

Energy is an important material basis for the industrial

production and socio-economic development. China’s

resource endowment characteristics of “poor oil, little gas,

and rich coal” determine the dominance of coal resources in

the energy structure. According to the National Bureau of

Statistics of China, the total energy consumption in 2020 was

4.98 billion tons of standard coal. The coal consumption

accounted for 56.8% of the total energy consumption,

which is 0.9 percentage lower than that in 2019. Affected

by the transformation of economic development, the

adjustment of energy structure, and the COVID-19

outbreak, the growth rate of demand for coal resources has

slowed down. However, from the perspective of energy

structure and actual energy consumption, coal resources

will still be the safest and most reliable energy source in

China for a long time in the coming future. While

promoting economic development, coal resources also cause

serious environmental pollution and health problems due to

the emission of a large amount of poisonous air pollutants,

mainly CO2 and SO2, in the process of conversion and

utilization (Irfan et al., 2020). China is considered as the

largest greenhouse gas emitter globally, mainly due to the

lack of cleanliness and efficient coal resource utilization (Hu

and Cheng, 2017). Facing the increasingly severe climate

situation, China has introduced a series of ambitious energy

conservation and emission reduction policies, intensified

efforts to regulate coal resources, and set stricter carbon

dioxide emission reduction targets (Abbasi et al., 2022). In

September 2020, General Secretary Xi Jinping proposed that

China will increase its nationally determined contribution at

the United Nations General Assembly, strive to peak carbon

dioxide emissions by 2030, and strive to achieve overall carbon

neutrality by 2060 (Wang et al., 2021). Given China’s

dependence on coal resources and the high carbon content

of coal, the possibility of achievement of the carbon dioxide

emission reduction target depends largely on the amount of

coal used (Hao et al., 2015). For a long time, “coal reduction”

has been considered as one of the main ways of “carbon

reduction (Liu et al., 2020).” From the perspective of

production (such as de-capacity policy), it is important to

regulate the amount of coal supply, curb the disorderly growth

of coal supply, eliminate outdated production capacity, and

improve environmental quality. However, the “coal

reduction” policy implementation has not been smooth. For

example, in September 2021, due to the “power shortage”

caused by the tightening of coal supply, many places have

sequentially pulled the floodgates to limit electricity

consumption, the strength and speed of “reducing coal and

controlling coal” have been questioned and reflected. Coal is

the cornerstone of China’s energy security, related to national

energy security and achieving the goal of “carbon peak”. The

“carbon peak” goal proposal is bound to speed up the

replacement of coal consumption. However, there have

been different debates on how much coal supply share

needs to be retained to meet the bottom line of China’s

energy demand in the new era.

Under the dual pressure of environmental governance and

economic growth, it is urgent to deeply analyse the actual

demand for coal demand-side and do forward-looking

planning for coal use. In addition to vigorous development on

clean energy, scientific planning of coal consumption is the key to

ensuring national energy security, achieving the “dual carbon”

goal, and sustainable development. Exploring the changing trend

of coal demand in the foreseeable future is of great significance

for promoting the upgradation of energy-intensive industries,

adjusting the energy structure, and formulating carbon reduction

policies. As one of the important coal production bases in China,

Shanxi Province is not only a large province of coal production

and consumption but also a gathering place for the high coal

consuming industries. In 2019, Shanxi Province was established

as China’s first comprehensive reform pilot for the energy

revolution. According to “the statistics table of National

Mineral Resources reserves in 2020” released by the Ministry

of Natural Resources, by the end of 2020, coal reserves in Shanxi

Province reached 50.725 billion tons, accounting for 31.26% of

the national reserves. Coal output accounted for 27.66% of the

country’s total coal output, ranking first in the country. It is

typical and representative to take Shanxi Province as an example

to conduct coal demand forecast research. The study results can

not only provide support for Shanxi Province to formulate the

development plan under the “carbon peak” goal, help Shanxi

Province reach carbon peak by 2030, but also have important

reference value for carrying out research on coal demand in other

coal resource-based provinces and even the whole country.

Therefore, this study considered Shanxi Province as the

primary research body, started from the demand side, and

aimed to analyse the key factors affecting the coal demand

changes in high coal consuming industries. Under the premise

of fully considering the reasonable needs of the high coal

consuming industries, the system dynamics model was used,

and different future development scenarios were designed

according to the national policies and plans. Predicting the

changing trend of coal resource demand in Shanxi Province

under different scenarios provides a basis for decision-making

realizing the macro-control of coal in Shanxi Province and even

the country.
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2 Literature review

At present, many scholars have carried out research on coal

demand. The demand forecast cycle can be roughly divided into

three types: short-term (Wang et al., 2011) (less than 5 years),

medium and long-term (Wang et al., 2019) (5-15 years), and

long-term (Mirjat et al., 2018) (more than 15 years). The

forecasting methods used by different scholars are also

different and increasingly diversified. Roozbeh et al. Roozbeh

Nia et al. (2021) summarized the literature on demand

forecasting from 2000 to 2020. It was found to cover

73 different forecasting methods, among which regression

model, simulation model, time-series model, grey model,

meta-heuristic algorithm, fuzzy logic, machine learning and

neural network were the most used eight models. Li et al. Li

et al. (2015) predicted China’s total coal demand from 2006 to

2012 under five models, including vector autoregressive model

(VAR), radial basis function neural network model (RBF),

genetic algorithm demand estimation model (GA-DEM),

particle swarm optimization demand estimation model (PSO-

DEM) and input–output model (IO). They found that the PSO-

DEM model has higher accuracy than the other four models by

comparing the predicted results with the actual situation. Yang C

et al. (2021) used the Markov chain model to predict the changes

in China’s energy consumption structure from 2020 to 2060, and

examined the changes in the proportion of coal resources in the

primary energy consumption structure. Wu and Zhang. (2016)

comprehensively considered the impact of domestic demand,

import and export trade, industrial structure adjustment, and

other factors on China’s coal demand. They used the input-

output structural decomposition analysis (I-OSDA) model to

explore the key driving factors of coal consumption growth to

grasp the future changes in the coal demand. Jia et al. (2020)

introduced the Markov chain method to correct the prediction

error of the GM (1,1) model based on the grey prediction model.

They proposed a grey-Markov chain model, which was used to

predict the coal consumption in Gansu province for the next

15 years. Duan and Luo. (2021) also improved the gray

prediction model and established the MVGM (1, N) model.

The coal demand in Gansu and Inner Mongolia was

forecasted considering the influence of population and GDP

on the coal demand. He and Lin. (2018) believed that the

appropriateness of index selection and model selection was

crucial to the accuracy of prediction results. They selected

critical indicators based on previous research and constructed

an ADL-MIDAS model to predict the changes in China’s energy

demand and energy structure. In terms of research on the factors

affecting coal demand, Tong et al. (2021) believed that the coal

demand is closely related to the level of economic development,

industrialization, and urbanization. Chai et al. (2019) analyzed

the driving factors for coal demand using the Logarithmic Mean

Divisia Index (LMDI) method and revealed that four factors

including, per capita income, industrial structure, energy

structure, and energy intensity, have a significant impact on

the changes in coal demand. Wang and Li. (2017) referring to the

research report of the International Energy Agency, believed that

GDP, the proportion of tertiary industry in GDP, and the

proportion of non-fossil energy in energy consumption are

the key factors influencing China’s coal consumption. Qiao

et al. (2019) emphasized the importance of indicators such as

economic growth, urbanization, and trade development, among

various coal demand factors. However, Li et al. (2021) pointed

out that the traditional influencing factor system is not suitable

for the demand prediction research under the carbon neutrality

target. The proposal of the carbon neutrality target will inevitably

bring about new influencing factors such as technological

progress and the growth rate of the proportion of renewable

energy. It is necessary to rebuild the influencing factor system in

line with the background of the times.

In the process of coal demand forecasting, in addition to

using various forecasting methods to deduce the future ups and

downs based on the historical state of the previous samples, it is

also necessary to consider the actual impact of unquantifiable

factors such as policies and strategies, to prevent the distorted

forecast results. Some scholars have attempted to use the scenario

analysis in this regard. The scenario analysis method, widely used

by various researchers, can consider different development

trends, combine quantitative analysis with qualitative analysis,

and can predict the subject from multiple dimensions. For

example, Wang C et al. (2018) used hybrid methods to

forecast China’s coal demand in 2016-2020 under three

development scenarios of optimism, business-as-usual, and

pessimism. Wang D et al. (2018) also set up three scenarios,

namely Policy Regulation Scenario, Baseline as Usual Scenario,

and Policy Strengthening Scenario, and used the system

dynamics model to predict China’s future coal demand. Yang

Q et al. (2021) used the Markov chain model to predict the

structure of primary energy consumption and set three scenarios

according to different economic growth rates to test whether the

carbon intensity target can be achieved under the three scenarios.

Then, the Dynamic Stochastic General Equilibrium model

(DSGE) was used to investigate the impact of economic

structure adjustment on the economic development and

carbon emissions. Based on the analysis the historical data on

coal consumption, Shi et al. (2021) selected the influencing

factors of coal consumption from different levels, such as

economy, technology, population, and environment, and

constructed three simulation scenarios of rapid growth,

baseline level, and slow growth. They also used a hybrid coal

demand forecasting algorithm combining adaptive differential

evolution and support vector machine to forecast China’s coal

demand. Jie et al. (2021) subdivided the coal types and proposed

a bottom-up coal supply model, in the context of considering the

adjustment of energy system and the transformation of the coal

industry. They explored the possible development trends of coal

and non-fossil energy under the BUA (business-as-usual) and
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GREEN scenarios, and pointed out that under the BUA scenario,

coal production will peak in 2030.

Judging from the existing research, the research on coal

demand forecast has achieved fruitful results, but there is still

a large room for expansion. The innovations of this study are as

follows: Firstly, taking the high coal consuming industry as the

starting point, examining the changing trend of coal demand in

the high coal consuming industry under the “carbon peak” target,

and predicting the future coal demand in Shanxi Province from

the perspective of the industry. Secondly, most of the existing

literature predicts coal demand on a national and regional scale.

However, there are considerable differences in the actual coal

demand among different provinces in the same region. For

example, despite Shanxi Province and Jiangxi Province

belonging to the central region, the coal consumption of

Shanxi Province in 2019 was 6.42 times that of Jiangxi

Province, and there were differences in the high coal

consuming industries in the two places. The high coal

consuming industries in Shanxi Province are dominated by

power and heat production industries, supply industries,

petroleum processing, coking, and nuclear fuel processing

industries, ferrous metals smelting and pressing industries,

coal mining and washing industries, nonferrous metals

smelting and pressing industries, chemical raw materials, and

chemical products manufacturing industries. Jiangxi Province

mainly includes six high coal consuming industries namely

power and heat production, supply industries, non-metallic

mineral products, ferrous metals smelting, pressing industries,

coal mining and washing industries, and papermaking and paper

products chemical raw materials and chemical products

manufacturing industries. Therefore, the present study fully

considers the differences in coal demand caused by regional

differences and conducts in-depth and targeted research on coal

demand in a single province. Shanxi Province was selected as the

representative as the research objective is to help the national and

local governments achieve the “carbon peak” goal and formulate

more timely, effective, and targeted coal control policies. Thirdly,

the influencing factors system of coal demand was rebuilt under

the background of carbon peak. Considering the changes in the

speed of population growth, economic development, and

industrial adjustment in the context of the new era, carbon

sinks were incorporated into the indicator system to modify

the model in line with the future development trends. Fourthly,

various studies used a single model to predict future coal

demand, limiting the practical and scientific applicability.

Compared with other forecasting models, the system

dynamics model can reflect the influence, feedback, and

interaction of various variables in the complex coal supply

and demand system. It is also an effective tool for simulating

and forecasting changes in the coal demand by setting future

development scenarios and conducting simulations to assist

decision-making, considering the choice of influencing factors

that will have a significant impact on the model. Thus, this study

adopts a combination of grey relational analysis, system

dynamics model, and scenario analysis to improve the validity

and credibility of the simulation results.

3 Data sets and methodology

3.1 The study area

The key reasons why this study selected the coal resource-based

city of Shanxi Province as the research area are as follows: Firstly,

Shanxi Province is an essential base for ensuring the safety of coal

resources and energy in China. The province’s coal-containing area

is 62,000 km2, accounting for 40.4% of the country’s land area.

According to data from the National Bureau of Statistics, Shanxi

Province’s coal output was 1.063 billion tons in 2020, ranking first in

the country. Secondly, Shanxi Province is the first pilot project of the

comprehensive reform of the energy revolution in China. Facing the

pressure of energy structure optimization and industrial structure

adjustment, it is realistic and urgent to study the coal demand system

for Shanxi Province. Thirdly, In 2019, the coal consumption ranked

first in the country, with a total of 513.3161 million tons. Shanxi

Province can reflect the overall trend of the change in national total

coal demand. Fourthly, the study found that high coal consuming

industries tend to cluster in regions with abundant resource

endowments (Song et al., 2018). Therefore, Shanxi Province, as a

coal resource-rich area in China, is very suitable as a sample subject

to research coal demand in high coal consuming industries. Shanxi

Province has derived a series of high coal consuming industries due

to its resource endowment characteristics. As seen from the coal flow

in Shanxi Province in 2020 (Figure 1), it mainly includes six high

coal consuming industries such as power and heat production and

supply industries, petroleum processing, coking, and nuclear fuel

processing industries, ferrous metals smelting and pressing

industries, nonferrous metals smelting and pressing industries,

chemical raw materials and chemical products manufacturing

industries, coal mining and washing industries. The coal

demands of the six high coal consuming industries greatly affect

the overall coal demand.

3.2 Methodology

3.2.1 Grey relational analysis
Since the grey relational analysis model was proposed by

Professor Deng Julong (Deng, 1982) in 1982, it has rapidly

developed and has been widely used in the fields of the

economy (Yi et al., 2021), society (Weng et al., 2021),

environment (Sun et al., 2019; Rehman et al., 2022), and

energy (Duan and Pang, 2021; Wu et al., 2019). Compared

with other mathematical statistics methods (such as principal

component analysis, regression analysis), the gray correlation

analysis model has the advantage of strong applicability. It has no
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special requirements for sample size and distribution law and is

suitable for research problems with a small amount of

information and uncertainty. The grey relational degree

method mainly analyses the degree of influence of various

factors in the system on the development of the system

through the similarity degree of the geometry of the sequence

curve. The closer the change rate of the sequence curve is, the

greater the correlation degree is, and vice versa. This study uses

gray correlation analysis to screen out the factors that

significantly impact China’s coal demand. The specific

calculation steps are listed as follows:

① Determination of the comparison sequence and the

reference data sequence. There are n evaluation objects and m

evaluation indicators, and the comparison sequence is denoted as

x′
i as shown in Eq. 1. The reference data column refers to the ideal

comparison standard, and it is usually composed of the optimal

value or the worst value of each index, and other reference values

can also be selected according to its evaluation purposes, denoted

as x0
′ (see Eq. 2). In this paper, the coal demand sequence is taken

as the reference sequence in the grey relational model, and the

coal demand influencing factors are taken as the comparison

sequence in the grey relational model.

x′
i � (x′

i(1), x′
i(2),/, x′

i(m))T i � 1, 2,/, n (1)
x0
′ � (x0

′(1), x0
′(2),/, x0

′(m))T (2)

② Second step is to perform dimensionless processing of the

indicator data. Dimensionless data can also be called as

normalization or normalization of data. To make the

statistical data comparable and comprehensive, before

comparing and evaluating the statistical index system

composed of coal demand and coal demand influencing

factors, the index data must be processed dimensionless. The

commonly used methods of dimensionless processing include

the mean value method, initial value method, and standardized

transformation. In the present study, the averaging method was

selected, and the calculation formula is shown in Eq. 3:

xi(k) � x′
i(k)

1
m∑m

k�1x
′
i(k)

i � 0, 1,/, n; k � 1, 2,/, m (3)

③ Calculating the absolute difference between the

comparison sequence and the corresponding data of the

reference sequence, and determining the two-level minimum

value and the two-level maximum value:

FIGURE 1
Coal flow map of Shanxi Province in 2020.
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n
min
i � 1

m
min
k � 1

|x0(k) − xi(k)|
n

max
i � 1

m
max
k � 1

|x0(k) − xi(k)|
(4)

④ Calculating the correlation coefficient. The correlation

coefficient of the parameters corresponding to the comparison

sequence and the reference sequence was calculated using

Eq. 5:

ξi(k) �
min
i

min
k

|x0(k) − xi(k)| + η
max
i

max
k

|x0(k) − xi(k)|

|x0(k) − xi(k)| + η
max
i

max
k

|x0(k) − xi(k)|
(5)

In Eq. 5, ξi(k) represents the correlation coefficient of the

evaluation index. η represents the resolution index of the value in

between 0 and 1, usually set at 0.5 (Chang and Lin, 1999).

⑤ Measuring the grey relational degree. By calculating the

mean value of the correlation coefficient between each index in

the comparison sequence and the corresponding element of the

reference sequence, the relationship between each evaluation

object and the reference sequence was reflected. The

calculation formula of grey relational degree δ0i is shown in

Eq. 6:

δ0i � 1
m
∑m

k�1ξ i(k) (6)

Among them, the value range of the grey relational degree is

between 0 and 1, and the closer it is to 1, the stronger the

correlation between the influencing factors and coal demand, and

vice versa.

3.2.2 System dynamics model
Professor Jay W. Forrester from MIT first proposed the

System Dynamics Model (SD) in the 1950s to solve business

management problems. It has been widely welcomed and

applied to solve various complex system problems

(Forrester, 1958; Yadav et al., 2021). The system dynamics

model can reveal the nonlinear relationship and multiple

feedback mechanisms among the internal factors of the

system. The coal demand is affected by many factors, and

the complex relationship between various factors forms a

complex system. In addition to the complexity, the coal

demand system also has the characteristics like nonlinear,

dynamic, and time delay. It is affected by the insufficient data

and the difficulty of quantifying some parameters or relations,

making the system dynamics more suitable for the research of

the coal demand system than the general econometric model

(Li et al., 2021; Yang Q et al., 2021; Hosseinipooya et al., 2022).

Therefore, this paper uses the system dynamics model and

analyzes the causal relationship between system variables

according to the influencing factors, clarifies the stocks,

variables, auxiliary functions and parameters in the model,

and then draws the coal demand system dynamics flow

diagram and constructs the coal demand system dynamics

model, so as to achieve the purpose of exploring the changing

trend of coal demand in the future. This study is an ex-ante

forecast of coal demand in Shanxi Province, and predicts coal

demand and carbon emissions in Shanxi Province from 2021-

2030 under various scenarios, so as to provide reference for

policy making in Shanxi Province, help Shanxi Province to

accelerate the realization of high-quality economic

development, and achieve the " carbon peak " target as

soon as possible.

3.2.3 Emission factor method
Based on the 2006 IPCC Guidelines for National Greenhouse

Gas Inventories (Ipcc, 2006), the emission coefficient method

was used to measure the carbon dioxide emissions of Shanxi

Province each year, and the boundary of investigation of CO2

emissions is grave-to-gate. This paper adopts a “top-down”

approach to measure carbon dioxide emissions from raw

material development to end use, and the specific formula is

shown as follows:

CO2 � ∑I

i�1CO2,i � ∑I

i�1γiκiξ iδi ×
44
12

+ χ0ζ (7)

In Eq. 7, i represents the type of energy consumption; γi
represents the demand for the i energy ( i � 1, 2,/, I,

represents I primary energy sources, χ0 represents

electricity demand); κi , ξi , and δi represents the average

low-level calorific value, carbon emission coefficient, and

carbon oxidation rate of the i -type energy, respectively; 44
12

represents the molecular weight of carbon dioxide; ζ

represents the power emission factor index.

In addition, although electricity belongs to secondary energy

and will not directly result in carbon dioxide emissions. However,

considering the high coal consuming industries in Shanxi

Province and huge electricity consumption by the residents,

electricity generation will consume a large amount of primary

energy in the production process, indirectly affecting the

atmospheric environment. To ensure that the carbon emission

accounting results tend to be closer to the actual value, the

“Calculation Tool for Greenhouse Gas Emissions Caused by

Energy Consumption” published by the World Institute was

referred, and the electricity emission factor index was used as

10.942tCO2/10
4 KWh.

3.3 Data sets

The data we used in this study are mainly from the 2006-2021

“Shanxi Statistical Yearbook,” “China Statistical Yearbook,” and

“China Energy Statistical Yearbook.”
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4 Empirical analysis

4.1 Analysis of influencing factors of coal
demand

The coal demand system is a complex multi-index, high-

latitude, and nonlinear time-varying system involving many

factors such as economy, society, environment, and energy.

Under the development goals of carbon peak, the Chinese

government and the Shanxi provincial government have

issued a series of development plans and action plans,

including the 14th Five-Year Plan, the action plan for carbon

peak before 2030 formulated by the State Council, and the

“Shanxi Action” for carbon peak proposed by the Shanxi

Provincial Government. In the context of the development of

the new era, the influencing factors of coal demand are

increasingly diversified and complicated, and we need to

rebuild the system of influencing factors of coal demand. The

selection of factors affecting coal demand is closely related to the

accuracy of the simulation results of the system dynamics model.

However, the selection and determination of factors affecting

coal demand are often based on the traditional experience and

are set artificially, which is highly subjective and affects the

accuracy of the results. To overcome this problem, this study

proposes to apply the grey relational analysis model to the system

dynamics modelling and select the influencing factors by

combining qualitative and quantitative methods.

By summarizing the existing literature, we initially screened

out eight common factors that affected coal demand from the

aspects of the economy, population, and energy: total population,

gross domestic product, per capita GDP, output value of

secondary industry, total energy demand, gasoline demand,

electricity demand, and natural gas demand. Based on the

statistical data from 2005 to 2020, the correlation between

various factors and coal demand was determined. Firstly, the

dimensionless treatment is carried out for each factor. Then the

correlation degree between each influencing factor and coal

demand is calculated according to the grey relational degree

calculation Eq. 6 (Table 1).

It can be seen from Table 1 that all the correlation coefficients

between each influencing factor and coal demand were above 0.4.

It shows that the above indicators are closely related to the coal

demand system in Shanxi Province and can be incorporated into

the system dynamics model as system variables. Among them,

per capita GDP has the most significant impact, while natural gas

demand has the least impact. As higher the per capita GDP,

greater the energy consumption by people, which drives the

increase in coal demand. During the study period, the demand

for natural gas accounted for a small proportion of the energy

consumption structure, and its substitution effect on coal was

relatively weak. Therefore, this study focused on the impact of

gasoline and electricity on coal demand.

4.2 Boundary definition and flow diagram
drawing

This study considers the coal demand system in Shanxi

Province as the research object. Based on the above grey

relational analysis of the influencing factors and system

variables of coal demand, the coal demand system of Shanxi

Province is centred on six high coal consuming industries namely

power and heat production and supply industries, petroleum

processing, coking, and nuclear fuel processing industries,

ferrous metals smelting and pressing industries, nonferrous

metals smelting and pressing industries, chemical raw

materials and chemical products manufacturing industries,

coal mining and washing industries. Considering the influence

of economic, energy, environment, population, and other factors,

combined with the above correlation analysis, the system

dynamics VENSIM software was used to establish a dynamic

flow diagram of coal demand in Shanxi Province, as shown in

Figure 2. Based on the complexity of coal demand, the following

assumptions were made for model construction and related

variables:

1) During the inspection period, the social and economic status

was basically stable, and the influence of force majeure factors

such as marginal politics and major natural disasters on the

coal demand in Shanxi Province was not considered.

2) Given the small foreign trade export volume of coal in Shanxi

Province and the lack of relevant statistical data after 2013, the

impact of foreign trade export volume on coal demand was

not considered.

3) The adjustment of industrial structure is expressed by the

change of the proportion of the secondary industry in the

gross regional product.

4) The coal demand is the coal consumption, and the coal

demand over the years is represented by coal consumption.

TABLE 1 The correlation degree between various influencing factors
and coal demand.

Influencing factors Correlation Ranking

per capita GDP 0.8200 1

Total energy demand 0.7032 2

Gross Domestic Product 0.5995 3

Output value of secondary industry 0.5417 4

Total population 0.5233 5

electricity demand 0.4946 6

gasoline demand 0.4939 7

natural gas demand 0.4925 8
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4.3 Parameter setting and equation
construction

This study used VENSIM PLE software for the system

simulation. Initial time of the model was set to 2005 and the

end time to 2030, the time step was set to one and the time

unit to a year, of which 2005-2020 is the statistical period of

historical data, which is used for relevant parameter setting,

model debugging, and verification of model accuracy. 2021-

2030 is the forecast period of the system simulation,

forecasting the changing trend of coal demand in Shanxi

Province in the next 10 years under the carbon peak target.

The setting of model parameters mainly adopts the methods

of arithmetic mean, table function, econometric model

calculation, and reference to existing literature. The

specific settings of the related parameters are shown in

Table 2.

Through the model analysis and parameter setting of the coal

demand system in Shanxi Province, the system dynamic

equations of the coal demand in Shanxi Province were

obtained. The key equations are shown in Eqs 8–34.

PT � TNTEG(PI, 3355.21) (8)
GDP � INTEG(AVGDP, 4079.3800) (9)

TA � INTEG(ANA − AAD, 2227.4400) (10)
GDP � INTEG(AVGDP, 4079.3800) (11)

RRA � INTEG(ANR − ACCR, 9213000) (12)
PI � PGR × DELAY 1(PT, 1) × IFBP (13)

AVGDP � GDP × GGDP (14)
ANA � 1.805 × EO0.8815 (15)
AAD � TA × AADR (16)

ANC � MIN( ANA

IPUCC
,ACPC) (17)

FIGURE 2
System dynamic flow diagram of coal demand in Shanxi Province.
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TABLE 2 Parameter settings in the model.

Types Variables Details Unit

Level PT Total population 10,000 persons

GDP Gross Domestic Product 100 million RMB

TA Total assets of coal mining and washing industry 100 million RMB

ACPC Annual coal production capacity 10,000 tons/year

RRA Remaining recoverable reserves of coal 10,000 tons

Rate PI Annual population increase 10,000 persons/year

AVGDP Added value of GDP 100 million RMB/year

ANA Annual new assets of coal mining and washing industry 100 million RMB/year

AAD Annual asset depreciation of coal mining and washing industry 100 million RMB/year

ANC Annual new capacity 10,000 tons/year

AEC Annual elimination of backward production capacity 10,000 tons/year

ACCR Annual consumption of coal resources 10,000 tons/year

Auxiliary PGR Natural growth rate of population Dmnl

IFBP Influencing factors of birth policy Dmnl

GGDP Growth Rate of Gross Domestic Product Dmnl

PGDP per capita GDP 10,000 RMB/person

PSI The proportion of secondary industry Dmnl

OSI Output value of secondary industry 100 million RMB

EO1 Economic output of power and heat production and supply industries 100 million RMB

EO2 Economic output of petroleum processing, coking and nuclear fuel processing industries 100 million RMB

EO3 Economic output of ferrous metals smelting and pressing industries 100 million RMB

EO4 Economic output of nonferrous metals smelting and pressing industries 100 million RMB

EO5 Economic output of chemical raw materials and chemical products manufacturing industries 100 million RMB

EO6 Economic output of coal mining and washing industries 100 million RMB

EOSCI Economic output of six high coal consumption industries 100 million RMB

AADR Annual asset depreciation rate of coal mining and washing industry Dmnl

IPUCC Investment per unit of coal capacity 10,000 RMB/ton

AER Annual elimination rate of backward production capacity %

TCP Total coal production 10,000 tons

TCS Total coal supply 10,000 tons

CIY Coal inventory 10,000 tons

TFOP Transfer from Other Provinces 10,000 tons

TTOP Transfer to Other Provinces 10,000 tons

CSDR Coal supply and demand ratio %

RCM recovery ratio of Coal mine %

URCC utilization rate of Coal capacity %

TED Total energy demand 10,000 tons of standard coal

PED production energy demand 10,000 tons of standard coal

LED living energy demand 10,000 tons of standard coal

PCLED Per capita living energy demand 10,000 tons of standard coal

LICD living coal demand 10,000 tons

LGAD living gasoline demand 10,000 tons

LIED living electricity demand 100 million kwh

PCD Production coal demand 10,000 tons

PCOD Production gasoline demand 10,000 tons

PELD Production electricity demand 100 million kwh

PEDSI Production energy demand of six high coal consumption industries 10,000 tons of standard coal

CDS Coal demand of six high coal consumption industries 10,000 tons

(Continued on following page)
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AEC � ANC × AER (18)
ACCR � TCP

RCM
(19)

PGR � IFTHENELSE(Time≤ 2015, 0.0051,
IFTHENELSE (Time≤ 2019, 0.0038, 0.00124)) (20)

IFBP � IFTHENELSE(Time> 2017, 1.001, 1) (21)
PGDP � GDP

PT
(22)

OSI � PSI × GDP (23)
EO1 � 0.016 × OSI1.317 (24)
EO2 � 0.983 × OSI0.835 (25)
EO3 � 0.287 × OSI1.041 (26)
EO4 � 0.1 × OSI0.996 (27)
EO5 � 0.055 × OSI1.080 (28)
EO6 � 0.007 × OSI1.566 (29)
LED � PCLED × PT (30)

PCLED � −0.119 + 0.39 × PGDP − 0.075 × PGDP2

+ 0.005 × PGDP3 (31)

PCD � CDS

PCDS
(32)

PCOD � CODS

PCODS
(33)

PELD � EDS

PEDS
(34)

3,355.21 in Eq. 8 represents the total population of the initial

year, that is, the total population of Shanxi Province in 2005 was

33.5521 million; Similarly, the data in Eqs 9–12 also represent the

data of each indicator in the initial year. Eqs 13,14 are obtained by

multiplying relevant indicators; Eq. 15 is the relationship

between (EO6) Economic output of coal mining and washing

industries as the independent variable and (ANA) Annual new

assets of coal mining and washing industry as the dependent

variable, which is constructed by regression fitting; In the same

way, Eqs 24–29 represent the regression equation between the

economic output of each high coal consuming industry and the

output value of the secondary industry. In addition, IF THEN

ELSE is a condition function in system dynamics. For example, in

Eq. 21, when Time>2017, IFBP (Influencing factors of birth

policy) takes the value of 1.001, otherwise it is 1.

4.4 Model test

After the system structure and model were constructed, the

validity test was carried out to verify the feasibility of the model

and to ensure the credibility of the simulation results. To verify

the validity of the model, we used the historical data comparison

method and sensitivity test method.

1) Historical data comparison method. This study used the

historical data comparison method to test the model’s

accuracy. The error between the simulated and real values

was calculated to test the SD model accuracy. The prediction

accuracy values specifically include relative error value (W),

Average of relative error value (AW), Mean squared error

(MSE), Root Mean Square error (RMSE), Mean Absolute

Percentage Error (MAPE), and Theil’s U1-statistic, Theil’s

TABLE 2 (Continued) Parameter settings in the model.

Types Variables Details Unit

CODS Gasoline demand of six high coal consumption industries 10,000 tons

EDS Electricity demand of six high coal consumption industries 100 million kwh

PCDS Proportion of coal demand in six high coal consumption industries Dmnl

PCODS Proportion of gasoline demand in six high coal consumption industries Dmnl

PEDS Proportion of electricity demand in six high coal consumption industries Dmnl

CD Coal demand 10,000 tons

COD gasoline demand 10,000 tons

ED Electricity demand 100 million kwh

CI carbon intensity ton/10,000 RMB

CDE Carbon dioxide emissions 10,000 tons

CS carbon sink Dmnl

FSV forest stock volume 100 million cubic meters

CRSBS Coefficient of conversion from forest resources stock to biomass stock Dmnl

CBSBW Coefficient of conversion from forest biomass stock to biological dry weight Dmnl

CBDCS Coefficient of conversion from biomass dry weight conversion to carbon sequestration Dmnl

CUVCS Coefficient of conversion from understory vegetation to carbon sequestration Dmnl

CFLCS Coefficient of conversion from forest land to carbon sequestration Dmnl
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TABLE 3 Historical test results for some variables.

year GDP (100 million RMB) per capita GDP (100 million RMB)

Actual value Simulate value W (%) Actual value Simulate value W (%)

2005 4079.38 4079.38 0.00 1.2195 1.2158 -0.30

2006 4713.60 4787.15 1.56 1.4008 1.4195 1.34

2007 5935.58 5617.72 -5.36 1.7542 1.6574 -5.52

2008 7222.98 6592.40 -8.73 2.1234 1.9352 -8.86

2009 7147.61 7736.18 8.23 2.0906 2.2595 8.08

2010 8903.90 9078.41 1.96 2.5434 2.6381 3.72

2011 10,894.41 10,653.50 -2.21 3.0534 3.0802 0.88

2012 11,683.11 11,047.70 -5.44 3.2864 3.1780 -3.30

2013 11,987.23 11,456.50 -4.43 3.3848 3.2790 -3.13

2014 12,094.71 11,880.30 -1.77 3.4248 3.3831 -1.22

2015 11,836.39 12,319.90 4.08 3.3593 3.4906 3.91

2016 11,946.40 12,775.80 6.94 3.3972 3.6014 6.01

2017 14,484.27 14,117.20 -2.53 4.1242 3.9646 -3.87

2018 15,958.13 15,599.50 -2.25 4.5517 4.3644 -4.12

2019 16,961.61 17,237.50 1.63 4.8469 4.8044 -0.88

2020 17,651.93 19,047.40 7.91 5.0528 5.2888 4.67

year Output value of secondary industry (100 million RMB) Total population (10,000 persons)

Actual value Simulate value W (%) Actual value Simulate value W (%)

2005 2389.51 2389.70 0.01 3,355.21 3,355.21 0.00

2006 2799.28 2799.48 0.01 3,374.55 3,372.32 -0.07

2007 3,602.31 3,602.27 0.00 3,392.58 3,389.43 -0.09

2008 4388.95 4388.66 -0.01 3,410.64 3,406.63 -0.12

2009 4091.2 4091.41 0.01 3,427.36 3,423.92 -0.10

2010 5349.64 5349.54 0.00 3,574.11 3,481.29 -2.60

2011 6750.15 6750.53 0.01 3,562.37 3,498.75 -1.79

2012 6852.70 6852.53 0.00 3,548.21 3,476.30 -2.03

2013 6684.32 6684.26 0.00 3,534.98 3,493.94 -1.16

2014 6377.96 6377.93 0.00 3,528.49 3,511.67 -0.48

2015 5219.65 5219.94 0.01 3,518.62 3,529.49 0.31

2016 5113.62 5113.18 -0.01 3,514.48 3,547.40 0.94

2017 6635.33 6635.19 0.00 3,510.46 3,520.81 0.29

2018 7074.46 7074.46 0.00 3,502.47 3,514.29 0.34

2019 7466.3 7466.86 0.01 3,496.88 3,507.84 0.31

2020 7675.44 7675.44 0.00 3,490.5 3,495.43 0.14

Variables AW MSE RMSE

GDP -0.0003 304,929.2210 552.2040

per capita GDP -0.0016 0.0178 0.1335

Output value of secondary industry 0.0000 0.0628 0.2506

Total population -0.0038 1339.8283 36.6037

coal demand -0.0012 106,603.2659 326.5016

gasoline demand -0.0039 19.4925 4.4150

electricity demand 0.0054 456.7097 21.3708

total energy demand 0.0006 208,282.3214 456.3796

MAPE U1-statistic U2-statistic

GDP 4.0645% 0.0237 0.3772

per capita GDP 3.7370% 0.0202 0.3701

(Continued on following page)
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U2-statistic. Among them, If the relative error is within

± 10% , it can be considered that the simulation accuracy is

high, and it has strong explanatory power and credibility

(Liu et al., 2019). Eight key variables were selected from the

economic, population, and energy aspects: gross domestic

product, per capita GDP, output value of secondary

industry, total population, coal demand, gasoline

demand, electricity demand, and total energy demand.

The test results for economic and population variables

are shown in Table 3, and the test results for energy-related

TABLE 3 (Continued) Historical test results for some variables.

year GDP (100 million RMB) per capita GDP (100 million RMB)

Actual value Simulate value W (%) Actual value Simulate value W (%)

Output value of secondary industry 0.0039% 0.0000 0.0003

Total population 1.3235% 0.0053 0.9315

coal demand 0.9809% 0.0054 0.1771

gasoline demand 1.5045% 0.0105 0.1178

electricity demand 1.1629% 0.0062 0.1145

total energy demand 2.2856% 0.0126 0.4977

FIGURE 3
Validity test chart of relevant energy indicators.
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variables are shown in Figure 3. The calculation formula of

the relative error value W,MSE, RMSE, MAPE, Theil’s U1-

statistic, and Theil’s U2-statistic are shown in Eqs 35–40:

W � Simulate value − Actual value

Actual value
(35)

MSE � 1
n
∑n

i�1(Actual valuei − Simulate valuei)2 (36)

RMSE �

����������������������������������
1
n
∑n

i�1(Actual valuei − Simulate valuei⎞⎠2
√√

(37)

MAPE � 1
n
∑n

i�1

∣∣∣∣∣∣∣Actual valuei − Simulate valuei
Actual valuei

∣∣∣∣∣∣∣ ×100% (38)

U1 �
�������������������������������∑n

i�1(Actual valuei − Simulate valuei)2
√���������������∑n
i�1Actual valuei2

√
+

�����������������∑n
i�1Simulate value2i

√ (39)

U2 �

�������������������������∑n−1
i�1 (Simulate valuei+1−Actual valuei+1

Actual valuei
)2∑n−1

i�1 (Actual valuei+1−Actual valueiActual valuei
)2

√√
(40)

It can be seen from Table 3 that the relative error between the

simulated value and the actual value of the GDP, per capita GDP,

output value of secondary industry and total population from

2005 to 2020 were both less than 10%, and the average relative

error was within 5%, meeting the error requirements. It is worth

noting that the values of Mean squared error and Root Mean

Square error are relatively large, which may be caused by the

number itself being larger of the Actual value and Simulated

value. The original acceptable error value is calculated by square,

and the error value will be amplified. To further verify the

effectiveness of the prediction model, we also checked the

Mean Absolute Percentage Error, Theil’s U1-statistic, and

Theil’s U2-statistic values. As can be seen from Table 3, the

Mean Absolute Percentage Error values obtained are all within

5%, whichmeets the normal Error requirements of the prediction

model (Khan and Osińska, 2023). In addition, Theil’s U1-statistic

values are all close to 0, indicating that the prediction accuracy of

the model is high. Theil’s U2-statistic values are all less than 1,

which also indicates that the Forecast to compare has a higher

degree of accuracy than the naive one, which proves the excellent

forecasting ability of the prediction model (Said et al., 2022). We

use a variety of statistical data error values to verify that the

prediction model in this paper has high simulation accuracy,

strong explanatory power, and credibility.

It can be seen from Figure 3 that the simulated values of

coal and gasoline demand fit well with the actual values. The

relative error interval of coal demand is from negative 2 to

positive 2, and the relative error interval of gasoline demand is

FIGURE 4
System model parameter sensitivity test chart.
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similar to coal demand, with an error interval of gasoline

demand from negative 3 to positive 2. The relative error

between the simulated value and the actual value of

electricity demand and total energy demand fluctuates

between -1.5% and 2%, -4% and 5% respectively, and

neither exceeds 5%. It shows that the system model can

effectively simulate the changes and interrelationships

between variables in the coal demand system in Shanxi

Province and can be used to predict the future trend of

coal demand in Shanxi Province.

2) Model sensitivity test. To detect the response degree of the

model to the change of input parameters, while keeping other

inputs unchanged, we changed the six key parameters by

± 10% based on the original value to observe the degree of

change in coal demand. The results are shown in Figure 4.

It can be seen from Figure 4 that the model is relatively

sensitive to the proportion of coal demand in the six high coal

consuming industries but does not show high sensitivity to other

parameters. It is shown that the behavior of the systemmodel has

good stability and reliability and will not produce large abnormal

fluctuations due to small changes in exogenous variables, which

confirms that the model can be used for simulation analysis.

4.5 Scenario simulation

4.5.1 Scenario setting
Under the vision of carbon peak, we explored the regulatory

role of changes in Shanxi’s population, economy, and industrial

structure on coal demand in the next few years. This study used

2020 as the base year for model simulation, combined with

Shanxi Provincial government documents such as “the

Outline of the 14th Five-Year Plan for National Economic

and Social Development of Shanxi Province and the Outline

of Long-term Goals for 2035” (Shanxi, 2021), “Carbon Peak

Action Plan by 2030” and the Shanxi Provincial Government

Report. This study sets three different scenarios, including

different population growth rates, economic growth trends

and industrial structure adjustment (the proportion of

secondary industry structure), which are called business-as-

usual development, low-speed development, and high-speed

development scenarios (see Table 4). Under these three

development scenarios, the Shanxi coal demand system

dynamics model was run to forecast the coal demand in

Shanxi Province from 2021 to 2030. Combined with the

forecast of the possible future changes in coal, the coal

demand under different development scenarios was determined.

1) The population growth rate setting. The number of people is

closely related to the demand for living energy, and the

increase in the population will increase the demand for

coal resources to a certain extent. The three-child policy

has been implemented since 31 May 2021, which will

further expand the population size. Therefore, the natural

population growth rate is selected as the decision variable of

the population subsystem. The natural population growth

rate of the business-as-usual development continues to be the

current growth rate of 0.00124. Based on the base period level,

the natural population growth rate under the low-speed

development scenario was increased by 0.5 per thousand

points. Under the high-speed scenario, it was increased by

one per thousand points.

2) Economic development speed setting. The increase in coal

consumption results from Shanxi’s economic development,

which directly affects coal consumption. Therefore, this study

selected the GDP growth rate as the controllable variable of

the economic subsystem. Based on the long-term goal of

basically realizing socialist modernization in 2035 put

forward by the Fifth Plenary Session of the 19th Central

Committee and “the Outline of the 14th Five-Year Plan for

National Economic and Social Development of Shanxi

Province and the Outline of Long-term Goals for 2035”. It

is proposed that by 2035, the total economic volume of Shanxi

Province would reach the level of the middle reaches of the

country, basically realize socialist modernization at the same

time as the whole country and strive to achieve high-quality

development. The economy of China and Shanxi Province

will show an overall growth trend in the future. This study

refers to the GDP growth rate of Shanxi Province over the

years. The benchmark development was set at 0.036 and

0.034 respectively during the 14th Five-Year Plan to 15th

Five-Year Plan period according to the current growth rate,

while the low-speed development and high-speed

development scenarios were the basis for the base period.

The GDP growth rate was increased by two thousand points

and four thousand points, respectively.

3) Industrial structure adjustment setting. Industrial structure is

one of the important factors affecting coal demand. Coal

consumption in Shanxi Province is mainly concentrated in

the six high coal consuming industries under the secondary

industry, and the coal demand in the primary and tertiary

industries is relatively low. The State Council issued the

“Carbon Peak Action Plan before 2030”, which pointed

out that it is necessary to develop strategic emerging

industries vigorously. It is planned to make obvious

TABLE 4 Scenario setting of coal demand system in Shanxi Province.

Scenario PGR GGDP PSI

Scenario I: business-as-usual 0.00124 0.036–0.034 0.4348–0.4300

Scenario II: low-speed +0.5‰ +2‰ −1%

Scenario III: high-speed +1‰ +4‰ −2%
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progress in the adjustment and optimization of the industrial

structure during the 14th Five-Year Plan period and make

significant progress during the 15th Five-Year Plan period.

The “14th Five-Year Plan for Future Industry Development of

Shanxi Province” also proposes to promote high-quality and

high-speed economic transformation through accelerated

development and cultivation of the technologically

innovative future industries. In future, China will continue

to optimize the industrial structure and reduce the proportion

of the secondary industry. Therefore, the proportion of the

secondary industry was set at 0.4348 and 0.4300 respectively

during the 14th Five-Year Plan to 15th Five-Year Plan period,

which decreased by one percentage point and two percentage

points respectively under the low-speed development and

high-speed development scenarios.

4.5.2 Analysis of simulation results
According to the three different scenarios, the system

dynamics model was used to obtain the simulation results of

the total population, GDP, output value of the secondary

industry, total energy demand (Table 5), and the changing

trends of coal demand, gasoline demand, electricity demand,

and carbon dioxide emissions in Shanxi Province (Figure 5).

From Table 5, the total population, GDP, output value of the

secondary industry, and total energy demand generally show an

increasing trend year by year under the three scenarios. Due to the

different settings of the natural population growth rate, under the

high-speed development scenario compared with the business-as-

usual development and low-speed development scenarios, the total

population of Shanxi in 2030 will increase by 364,900 and 182,800,

respectively. Under the three scenarios, the GDP will reach

2,692,010 million yuan, 2,744,470 million yuan, and

2,797,850 million yuan in 2030, respectively. Influenced by the

intensity of industrial structure adjustment, compared with the

business-as-usual development scenario, the output value of the

secondary industry under the high-speed development scenario and

the low-speed development scenario will be reduced by 33 billion

yuan and 27.44 billion yuan in 2030, respectively.

TABLE 5 Simulation results of population-economy-energy in Shanxi Province under different development scenarios.

year Total population (10,000 persons) GDP (100 million RMB)

Scenario I Scenario II Scenario III Scenario I Scenario II Scenario III

2021 3,605.89 3,607.68 3,609.48 19,733.10 19,771.20 19,809.30

2022 3,610.36 3,613.96 3,617.55 20,443.50 20,522.50 20,601.70

2023 3,614.83 3,620.24 3,625.65 21,179.50 21,302.40 21,425.70

2024 3,619.32 3,626.53 3,633.76 21,941.90 22,111.80 22,282.80

2025 3,623.8 3,632.84 3,641.89 22,731.80 22,952.10 23,174.10

2026 3,628.29 3,639.16 3,650.04 23,550.20 23,824.30 24,101.00

2027 3,632.79 3,645.48 3,658.2 24,350.90 24,681.90 25,016.90

2028 3,637.30 3,651.82 3,666.39 25,178.80 25,570.50 25,967.50

2029 3,641.81 3,658.17 3,674.59 26,034.90 26,491.00 26,954.30

2030 3,646.32 3,664.53 3,682.81 26,920.10 27,444.70 27,978.50

year Output value of secondary industryn
(100 million RMB)

Total energy demand (10,000 tons of standard coal)

Scenario I Scenario II Scenario III Scenario I Scenario II Scenario III

2021 8596.52 8398.80 8216.89 21,807.60 21,685.80 21,566.90

2022 8923.18 8717.96 8545.57 21,893.10 21,788.00 21,684.20

2023 9262.26 9049.24 8887.39 22,230.70 22,142.80 22,055.10

2024 9614.23 9393.11 9242.89 22,445.30 22,382.30 22,318.80

2025 9979.57 9750.05 9612.60 22,785.20 22,752.10 22,718.60

2026 10,244.40 10,006.20 9881.42 22,733.90 22,741.40 22,749.50

2027 10,613.20 10,366.40 10,256.90 22,937.70 22,992.40 23,049.70

2028 10,995.30 10,739.60 10,646.70 23,209.60 23,321.20 23,438.80

2029 11,391.10 11,126.20 11,051.30 23,430.10 23,611.10 23,803.40

2030 11,801.20 11,526.80 11,471.20 23,745.70 24,010.00 24,293.10
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Figure 5 shows the changing trends of coal, gasoline,

electricity demand and carbon dioxide emissions under

different scenarios. It can be observed from Figure 5 that the

demand for coal, gasoline and electricity is maximum under the

business-as-usual development scenario and minimum under

the high-speed development scenario. Because under the high-

speed development scenario, the industrial transformation

structure is accelerated, the secondary industry structure

declines, the demand for primary energy is reduced, and the

energy structure is further cleaned. In addition, the changes in

demand for coal and gasoline under the three scenarios were the

same, all peaking in 2025 and tending to intersect after 2028, and

the gap between the three gradually narrowed. Under the three

scenarios, coal demand is expected to reach 385-395 million tons

in 2025, and the overall change trend is in line with the coal

regulation plan of “first controlling increase and then decreasing”

proposed in the “Carbon Peak Action Plan before 2030”, that is,

to further promote the substitution, transformation and

upgrading of coal consumption, speed up the pace of coal

reduction, strictly and reasonably control the growth of coal

consumption during the 14th Five-Year Plan period, and

gradually reduce coal demand during the 15th Five-Year Plan

period. This result is in line with the research results of Cui et al.

The coal demand in Shanxi Province will generally show a

FIGURE 5
The changing trend of coal, gasoline, electricity demand and carbon dioxide emission.

Frontiers in Environmental Science frontiersin.org16

Hu et al. 10.3389/fenvs.2022.923670

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.923670


continuous growth trend from 2020 to 2025 (Cui et al., 2018),

and it is in line with the overall change trend of national coal

demand, and the demand will decline after 2025 (Shi et al., 2021).

In 2030, the demand for coal will be 362.2450 million tons,

361.4170 million tons, and 360.4450 million tons in the business-

as-usual development scenario, low-speed development scenario,

and the high-speed development scenario, respectively. During

the 14th Five-Year Plan and 15th Five-Year Plan period, gasoline

demand also showed a trend of first increase and then decrease,

respectively. The demand scale of gasoline demand will be

3.0894-3.2513 million tons in 2025, and it will drop to 2.5354-

2.6086 million tons in 2030. The overall electricity demand will

continue to grow. In 2030, the electricity demand is expected to

reach 3,262.4500, 3,253.3900 and 324.2620 billion kWh under

the business-as-usual development, the low-speed development

and the high-speed development scenarios, respectively.

It is worth noting that the carbon dioxide emissions and coal

demand show similar change trends, indicating that the carbon

dioxide emissions in Shanxi Province are mainly from the

process of development and utilization of coal resources. It

can be seen from the simulation results that under the three

scenarios, the growth trend of carbon dioxide emissions is

relatively flat from 2020 to 2022 and will begin to increase

rapidly from 2022 to 2025, the development trend will change

after 2025, showing a downward trend. This phenomenon may

be due to the sudden impact of the COVID-19. Shanxi Province’s

economic growth slowed down from 2020 to 2022, resulting in a

reduction in coal demand, which in turn resulted in a drop in

carbon dioxide emissions. From 2022 to 2025, under the general

tone of economic development in the 14th Five-Year Plan of

“seeking progress while maintaining stability”, the economy will

achieve further development, and carbon dioxide emissions will

continue to grow along with the increase in energy consumption.

However, under the 15th Five-Year Plan to adjust the industrial

structure, optimize the energy consumption structure and other

measures, carbon dioxide emissions trend has changed from an

upward trend to a downward trend. In 2025 and 2030, carbon

dioxide emissions will be 726.0611-743.4704 million tons and

677.5641-681.1248 million tons respectively. In the context of

population growth and economic development, the demand for

coal and gasoline has declined, while the electricity demand has

continued to grow. The impact of industrial structure adjustment

on the type and quantity of energy consumption was found to be

crucial.

5 Conclusion and suggestions

The present study used the grey relational degree method,

integrating the strength of key indicator screening and the

advantages of the system dynamics feedback mechanism, at

the same time combined with the scenario analysis, to predict

the dynamic evolution trend of coal demand and carbon

emission in Shanxi Province from 2021 to 2030 under the

background of a carbon peak. This research mainly

investigated the related factors numbering population growth,

economic growth and industrial structure adjustment bringing

the effects on the coal demand system in Shanxi Province. The

key conclusions are listed as follows:

1) Through grey relational analysis, it was found that some key

indicators, including the total population, gross regional

product, gross regional product per capita, output value of

the secondary industry, total energy consumption, gasoline

demand, and electricity demand have a close relationship

with the coal demand. All of them can be incorporated into

the system dynamics model as a system variable, among

which the gross regional product per capita has the greatest

impact on the coal demand. In addition, coal demand in

Shanxi Province is less affected by natural gas consumption,

and the correlation is less than gasoline demand and

electricity demand.

(2) Under three scenarios, the total population, gross regional

product, output value of the secondary industry, and total

energy demand generally show an increasing trend over the

years. The total energy demand would be expected to reach

237.4570-242.9310 million tons of standard coal in 2030. It

can be seen that the total energy demand will grow

continuously in the foreseeable future with the

development of population and economy.

3) Under the business-as-usual development scenario, during

the 14th Five-Year Plan to 15th Five-Year Plan period, the

trend of coal demand has changed from increasing to

decreasing. Coal demand will reach its peak in 2025,

reaching 394.7670 million tons, 390.2730 million tons,

and 385.6580 million tons under the three scenarios,

respectively. In 2030, the demand for coal will be

362.2450 million tons, 361.4170 million tons, and

360.4450 million tons in the business-as-usual

development scenario, low-speed development scenario,

and the high-speed development scenario, respectively.

Carbon dioxide emission shows a similar trend as that of

the coal demand, and carbon emissions are expected to reach

681.1248 million tons in 2030 under the business-as-usual

development scenario. The low-speed development and

high-speed development scenarios have produced different

degrees of energy-saving and emission reduction benefits.

Compared with the business-as-usual development scenario,

the carbon dioxide emissions will be reduced by

1.6412 million tons and 3.5607 million tons respectively

in 2030.

4) The adjustment of industrial structure is the key to “reducing

coal and reducing carbon” in Shanxi Province. Under the

circumstances of population and economic development

growth, coal and gasoline demand see a decreasing trend

during the forecast period, while electricity demand will
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continue to increase. It can be seen that the adjustment of

industrial structure has a great impact on the type and

quantity of energy consumption.

Based on the above research conclusions, this study puts

forward the following policies and suggestions to promote the

transformation and upgradation of Shanxi Province:

1) Given the large demand for coal in high coal consumption

industries, and the significant impact of industrial structure

adjustment on reducing primary energy consumption and

reducing carbon dioxide emissions, Shanxi Province should

accelerate industrial transformation, promote the

upgradation of high-energy-consuming industries, focus on

developing advanced production capacity for coal, close and

exit outdated production capacity, and actively cultivate

emerging industries, high-tech industries and future

industries.

2) According to the simulation results of the continuous

growth of total energy demand under the three

scenarios, while reducing the use of coal, alternative

energy sources like renewable energy and clean energy

should be actively developed to satisfy energy needs while

maintaining the high-quality and stable development of

the economy.

3) Fundamentally, the essence of carbon peak is not de-

coalization but it is transformation and upgradation of the

way of coal production, conversion, and utilization. Shanxi

Province should be based on its own endowment

characteristics, taking the “dual carbon” goal as the driving

force, accelerate the transformation of traditional coal mines

to intelligent, clean, digital, and efficient mines. Shanxi

Province should deepen the depth and breadth of

integration with modern information technologies such as

big data, artificial intelligence, 5G communications, and

robots, and make full use of the technology to improve the

efficiency of coal resource utilization.

4) From the forecast results of carbon dioxide emissions, the

amount of carbon dioxide emissions is closely related to

the size of coal demand. The extensive development and

utilization of the coal resources is a key to the huge carbon

dioxide emissions in Shanxi Province and the clean and

efficient utilization of coal should be vigorously promoted.

Not only Shanxi Province should continue to strengthen

technology research and development, reduce the number

of pollutants generated by high coal consumption

industries, it should also improve the “Exhaust gas,

wastewater and waste residue” treatment capacity. For

instance, the promotion and application of high-

efficiency pulverized coal boiler technology should be

strengthened in the process of coal power generation in

the power and heat production and supply industries, At

the same time, it is necessary to improve the clean coal

production mechanism and the whole life cycle evaluation

mechanism of energy consumption, emission, and cost,

formulate industrial standards, work norms, and attach

importance to the efficient use of resources and the

protection of the ecological environment in each

production link.

Finally, it is worth noting that the forecast of coal demand in

Shanxi Province has contributed to grasping the general trend of

national coal changes in the future, but it has not been able to

conduct a comprehensive study of coal demand in various

provinces across the country. Therefore, future research can

carry out national coal demand forecast research at the

provincial level, as well as carry out development forecasts for

other energy sources, such as the future share of renewable

energy.
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