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Introduction: Energy is the fundamental driving force for world economic and
social development. However, the growth of carbon dioxide emissions and
increasing environmental challenges are becoming increasingly problematic,
limiting the pace of economic development.

Methods: To optimize the energy consumption structure and promote the
development of low-carbon economy, this study took Shaanxi Province as an
example to analyze the impact of low-carbon economy policy variables on the
energy consumption structure dominated by coal. The purpose of this study is to
examine the influence of policy variables on the evolution of energy consumption
structure by constructing a system dynamics model. In addition, this study will
explore policy optimization issues.

Results: The error of simulation results was within ±10%. The consumption of
non-fossil energy increased from 2,196,400 tons of standard coal in 2009 to
22.578 million tons in 2030, which is in line with the development trend. Under
these four policy combinations, the share of coal will fall to 57.8 percent by 2030.
In addition, the share of non-fossil energy sources will increase to 21 percent and
the share of natural gas will reach 16 percent.

Discussion: The policy suggestions put forward in this paper are of great
significance to the optimization of energy structure led by coal. The model
constructed can be effectively applied to practical policy simulation and
adjustment, and can provide reference for the development of low-carbon
economic policies in other regions.

KEYWORDS

low-carbon economy, energy consumption system, system dynamics model, coal,
Shaanxi Province

1 Introduction

Energy has become an indispensable fundamental factor in the advancement of the
world economy and society. Since entering the industrial era, mineral energy has occupied a
major proportion. When promoting social development, it also releases a large amount of
carbon dioxide (CO2), resulting in consistently high CO2 concentrations in the atmosphere
(Oh, 2023; Li et al., 2024). With the consumption of energy, social and economic
development (ED) has been promoted, and a series of ecological and environmental
problems have become increasingly prominent. Moreover, the result is that global
warming has been unanimously recognized by the international community (Yuan and
Pan, 2023). The global climate change issue appears to be an environmental issue on the
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surface, but behind it is essentially an energy issue, the fundamental
reason being the transformation of EDmodels. The essence of global
climate change governance is the issue of low-carbon (LC)
development in the global economic model. China is currently in
a critical stage of industrialization and urbanization, facing
enormous pressure in terms of ED and energy conservation and
emission reduction. To gain a voice internationally, promote
economic transformation and development, and alleviate the
pressure on resources and the environment, it is urgent to
enhance the efficiency of LC ED to achieve a virtuous cycle with
the global economy (Liu et al., 2024; Huang et al., 2023). However,
current research on LC economy and energy consumption structure
(ECS) is mostly optimized on the grounds of constructing multi-
objective models or individual predictions. Few scholars, from the
perspective of systems theory, use the consumption of
heterogeneous energy as an output variable to construct a system
dynamics model (SDM) to explore the influence of policy variables
on the evolution trend of ECS and the optimization of ECS from a
policy perspective. The concept of LC economy was first proposed
by the academic community, and a research framework was
constructed for the CO2 emissions trajectory of the energy
industry sector in different policy choices of countries around the
world. It is believed that both developed and developing countries
need to take early action for controlling the concentration of CO2 in
the atmosphere to twice or lower than pre-industrial levels (Zhang
et al., 2023). The research on ECS mainly focuses on the influencing
factors of ECS, LC evaluation of ECS, and optimization of ECS (Zeng
andWang, 2023). By analyzing the panel data on 282 cities in China,
Ding et al. (2024) explored the relationship between network
infrastructure expansion and LC development. The study
employed the quasi-natural experiment of “Broadband China” to
investigate the impact of network infrastructure expansion on LC
development. The findings suggest that such expansion can
significantly enhance the prospects of LC development, primarily
by optimizing the industrial structure and promoting technology
investment. In addition, the study revealed the dual impact of
network infrastructure expansion on the efficiency of LC
technologies, and the policy effects vary across cities (Ding et al.,
2024). Using a non-linear ARDL model and wavelet analysis based
on monthly data from 1992 to 2017, Fatima et al. found that global
energy prices have an asymmetric effect on CO2 emissions. Wavelet
analysis showed that this relationship varied across time scales and
sectors, and ignoring non-linearity could lead to misleading
conclusions (Fatima et al., 2021). Meo MS confirmed the
asymmetric relationship between temperature and CO2 emission
by using the NARDL method. In the short term, energy use,
population growth, and economic growth (EG) increased
emissions. In the long term, energy consumption and EG
continued to push up emissions, with a 1% drop in temperature
reducing emissions by 5%. The study also supported policies to
increase renewable energy consumption (Meo et al., 2023). Adebayo
et al. (2021) summarized the relation in CEs, EG, and technological
innovation in Brazil, focusing on the optimization of ECS and the
advancement of LC economy. This effectively promoted the
optimization of Brazil’s ECS and the advancement of LC
economy (Adebayo et al., 2021).

In addition, Raihan and Tuspekova (2022) conducted in-depth
research on the advancement of LC economy and ECS by using

econometric methods and dynamic ordinary least squares method
to address the current issues related to global environmental quality
improvement and sustainable development. This provided
assistance in proposing sustainable development strategies and
mitigating environmental degradation. Ullah et al. (2022)
addressed the issue of CEs in the transportation sector and
constructed an EC prediction model using machine learning
algorithms. This effectively promoted the optimization of ECS in
the transportation industry and provided development ideas for
sustainable development (Ullah et al., 2022). Qu et al. (2021)
addressed the issue of greenhouse gas emissions in sustainable
development by constructing centralized and decentralized game
models using Stackelberg theory. This effectively promoted the
optimization of ECS in the supply chain and provided
corresponding data reference for the advancement of LC
economy (Qu et al., 2021).

The extant research on the LC economy and ECS is primarily
concerned with the construction of multi-objective models or single
forecasts. However, these studies tend to lack an overarching
perspective informed by system theory and do not fully account
for the heterogeneous nature of energy consumption. Second, when
analyzing the evolution trend of ECS, most studies fail to effectively
combine the influence of policy variables on energy structure,
resulting in low accuracy of trend analysis. In addition, most of
the existing studies focus on the optimization analysis of a single
policy and fail to fully explore the comprehensive effects of multiple
policy combinations.With the promotion of the global LC economy,
the energy structure of Shaanxi Province, which is highly dependent
on fossil fuels, has become more unreasonable, and there is a gap
with the national optimization trend. Subsequently, optimizing the
ECS of Shaanxi Province is crucial for the regional and national LC
transition. Therefore, this study makes up for the above
shortcomings by constructing the system dynamics model. From
the perspective of system theory, this study takes heterogeneous
energy consumption as the output variable and comprehensively
analyzes the influence of different policy variables on the evolution
of ECS in Shaanxi Province. Furthermore, this study examines the
influence of diverse policy combinations and determines the most
efficacious policy combinations, thereby offering a novel perspective
for the optimization of ECS in theory and a scientific foundation for
the formulation of regional LC economic policies in practice. The
main contributions of the research are as follows: the system
dynamics model suitable for Shaanxi Province is proposed, which
significantly improves the accuracy and applicability of policy
simulation. At the same time, through the policy combination
analysis, the effective path to optimize the regional ECS is
identified. These innovations provide important support for
further optimizing regional energy policies and promoting LC ED.

2 Methodology

Shaanxi Province is a significant energy-producing region in
China, endowed with substantial coal and natural gas reserves. Its
EG has historically been closely tied to the energy sector, particularly
coal. However, with the promotion of LC economy across the
country, Shaanxi faces the challenge of industrial structure
transformation, especially in the case of unreasonable ECS. The
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examination of LC policy practices in middle and middle
ecologically fragile regions, which are susceptible to
environmental consequences resulting from energy consumption,
is beneficial in achieving equilibrium between energy development
and environmental conservation. At present, the ECS of Shaanxi
Province is extremely unreasonable, mainly coal, and the
optimization space is large. An investigation into the evolution of
ECSs in Shaanxi Province has the potential to offer insights that can
inform LC transformations in other resource-dependent regions.
Additionally, the findings may serve as a point of reference for
similar regions worldwide.

The optimization of ECS in Shaanxi Province is a multifaceted
endeavor, encompassing a range of interrelated factors, including
ED, energy consumption, environmental impact, and policy
implementation. The system dynamics model can handle this
complex system with multiple variables and layers and study its
impact on the ECS by simulating the dynamic relationship between
these factors. The influence of policy variables on the development
trend of ECS is studied in a more systematic way. Therefore, the
system dynamics model can fill this gap and study the influence of
policy on the evolution of energy structure more systematically.
Statistical data are used to build models for verification so as to
improve the reliability of prediction and provide a new perspective
for the theoretical study of LC economy.

2.1 Analysis of the energy consumption
structure and low-carbon economy in
Shaanxi Province

At present, there is a problem that the analysis of the evolution
trend of regional ECS using LC economic policy variables has not

been conducted from a systematic perspective, resulting in poor
accuracy in trend analysis. Therefore, this study takes Shaanxi
Province as an example and analyzes the evolution trend of
regional ECS by constructing a SDM. It is widely believed
worldwide that the emergence of the LC economy is mainly
aimed at addressing issues such as the greenhouse effect and
chemical energy reserves. In the context of economic
globalization, the LC economy has gone beyond the scope of
technology and economy and has risen to a political level. It is
also a game played by countries to fight for the discourse power of
future ED (VE et al., 2021; Sheng et al., 2023; Luderer et al., 2022).
This study believes that the essence of LC economy is to decrease the
consumption of high-carbon energy through various means.
Meanwhile, it improves energy utilization efficiency by
optimizing the structure of energy and can continuously reduce
the concentration of CO2. This approach is the optimal means of
attaining a harmonious development of the economy, society,
resources, and environment while simultaneously minimizing EC
and CO2 emissions and maximizing economic output benefits. The
ECS includes primary EC, terminal EC, and partial ECS, and the
studied ECS is primary ECS (Pell et al., 2021; Zhang et al., 2022;
Jahanger et al., 2022).

On the grounds of this, the study mainly analyzes the current ED
status of Shaanxi Province from the overall economic status and
industrial structure. It also analyzes its overall ECS from the
perspectives of total EC, EC of various industries, and ECS. The
analysis of the current ED status of Shaanxi Province from the
overall economic conditions and industrial structure is shown
in Figure 1.

Figure 1 shows that Shaanxi Province, with its energy advantage,
has increased its gross domestic product (GDP) from approximately
31.4 billion yuan in 1988 to approximately 24.438 billion yuan in 2018, a

FIGURE 1
Analysis results of the current ED status of Shaanxi Province on the grounds of the overall economic situation and industrial structure.
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growth of only 77.7 times in 30 years. From the perspective of GDP
growth rate, the average annual growth rate of GDP in Shaanxi
Province has exceeded the national average in the past 20 years and
has shown a development trend that is basically in line with the same
period in the country. This demonstrates that the economic situation of
Shaanxi Province is closely relevant to the macroeconomic situation of
the country. Taking 2008 as the dividing line, the GDP of Shaanxi
Province maintained an overall growth trend before 2008 but showed
an overall decline trend after 2008. The main reason is that after the
2008 global economic crisis, the world economy continued to be
sluggish, and China’s EG rate also slowed down. The EG rate of
Shaanxi Province also began to decline. In 2014, China entered a
new normal, and its traditional advantages gradually weakened. The
country was in a stage of medium- to high-speed development,
transitioning from extensive development to intensive development
and from factor-driven to innovation-driven. Meanwhile, Shaanxi
Province has also encountered the same problems during the same
period and urgently is essential to transform toward a green and LC
development mode to promote economic transformation
and upgrading.

The proportion of the primary industry in Shaanxi Province is
continuously decreasing in terms of industrial structure. Before
2001, there was a certain growth in the proportion of the tertiary
industry (TI). From 2001 to 2014, the proportion of the TI showed a
continuous decline. After 2014, the proportion of the TI increased.
This is mainly due to the fact that the ED of Shaanxi Province before
2014 mainly relied on the secondary industry. Although the number
of the TI is increasing every year, its growth rate is slower than that
of the secondary industry, so its proportion in the province
continues to decrease. In 2014, China’s economy entered a “new
normal”, and Shaanxi Province achieved a transformation of its
industrial structure by decreasing the proportion of the secondary
industry and growing the proportion of the TI. Since 2014, the

proportion of the secondary industry has also shown a trend of first
increasing and then decreasing. The secondary industry is mainly
resource-dependent. Moreover, the unique energy resources in
Shaanxi Province also have the conditions for the western
development. The current situation of ECS in Shaanxi Province
is shown in Figure 2.

From the perspective of total EC, Shaanxi Province has a unique
advantage in energy resources, with various energy resource reserves
ranking first in the country. However, there are significant
differences in the consumption of various types of energy, and
EC will continue to be the main driving force for ED in the future.
From the perspective of EC in various industries, the EC of the
secondary industry has been continuously increasing, maintaining a
proportion of around 60% recently. The EC of the TI continues to
remain relatively low, at a level of 15%–20%. The EC level of the
primary industry is not high. From the ECS, there are generally
unreasonable aspects in the ECS of Shaanxi Province, mainly
dominated by coal and maintained at around 70% for a long
time. The overall consumption of crude oil has increased first
and then decreased, falling below 10%. The consumption of gas
has steadily increased, currently exceeding 10%. Although the
proportion of other energy sources is steadily increasing, it is still
at a relatively low level. In addition, due to the high coal
consumption in Shaanxi Province, analyzing its CE status is an
overall analysis of its implementation of LC economic policies. Due
to the lack of a unified calculation method for CO2 emissions in
China, this study drew on the relevant calculation formulas in the
National Greenhouse Gas Inventory Guidelines released by the
United Nations Intergovernmental Panel on Climate Change in
2016 for calculation. Its expression is shown in Equation 1.

T � ∑4
j�1
Fj × γj. (1)

FIGURE 2
Current situation of ECS in Shaanxi Province.
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In Equation 1, T represents CEs. Fj represents the actual
consumption of the j-th energy source. γj represents the relevant
CE coefficient of the j-th energy source. The overall CEs in Shaanxi
Province are divided by 1998 and have shown a trend of increasing
year by year since 1998. However, the growth rate has continued to
decrease since 2012, mainly due to Shaanxi Province’s active
response to the country’s LC economic policies. Overall, the ECS
in Shaanxi Province is characterized by a large total amount and an
unreasonable structure. On one hand, Shaanxi Province is currently
and has been in a period of ED for a long time. Therefore, the
consumption demand for energy will continue to grow, and the
difficulty of controlling its total amount will continue to increase. On
the other hand, Shaanxi Province’s overall ECS is unreasonable due
to its energy distribution form, and there is a significant gap
compared to the target. Therefore, optimizing it is imperative
(Zhi-Hong et al., 2021; Jiang, 2021; Cai et al., 2023).

2.2 Construction of the energy consumption
structure system model in Shaanxi Province

In response to the problems in the ECS of Shaanxi Province, this
study constructs a system model of ECS in Shaanxi Province from
the perspective of systems theory. The system model constructed by
the research is a complex system with multiple elements, levels, and
loops, in which many elements interact and constrain each other,

forming a dynamic and complicated causal cycle. Compared to
traditional economic energy environmental systems, the systems
involved in research are more extensive. It includes multiple
subsystems such as human beings, technology, economy, energy,
environment, and government, and each subsystem is not isolated
but affects and restricts each other. In these subsystems, with the
government at the center, various powerful policies are implemented
to effectively regulate various subsystems such as population, science
and technology, economy, energy, and environment. This has led to
dynamic changes in the overall system, and it is also a key element
that dominates the formulation and implementation of LC
economic policies. Therefore, the overall architecture of the
constructed system model is shown in Figure 3.

In Figure 3, the system model is built on four key assumptions,
one of which is that the energy conversion system (ECS) in the
system model relies entirely on non-fossil energy sources. This
means that all energy supply and conversion processes in the
model are assumed to be provided by renewable or other non-
fossil energy sources. The CO2 emissions in the system model come
from coal, oil, and natural gas, which enter the atmosphere after
complete combustion. The hindrance variables of non-mineral
resources are not considered in the system model. The
heterogeneous EC involved in the system model includes both
productive EC and domestic EC. Figure 3 shows that the system
model includes five subsystems, namely, population, technology,
economy, energy, and environment, with each subsystem mutually

FIGURE 3
Schematic diagram of the overall architecture of the ECS system model in Shaanxi Province on the grounds of system theory.
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constraining and influencing each other. The economic subsystem is
the study of the effects of economic aggregate and GDP growth on
the energy subsystem, which, in turn, affects the environmental
subsystem. The population subsystem refers to the reasonable total
population under the relatively stable conditions of subsystems such
as economy, energy, and environment. The technology subsystem
mainly studies the impact on the energy and environment
subsystems under the condition of an increasing technological
level. The energy subsystem studies the impact of different types
of EC and their changes on the environment and economic
subsystems under certain ED levels and population conditions.
The environmental subsystem is on the grounds of a certain level
of ED and EC and analyzes the impact of CO2 emissions caused by
different types of EC on population and EG.

The role of the government subsystem is to analyze the influence
of LC economic policy changes on the output variables of
subsystems such as economy, energy, and technology. The
research model includes the relationships between different
variables in population, technology, economy, energy, and
government, which constitute the ECS model of Shaanxi
Province. The research model takes 2009–2030 as the simulation
year for LC economic policies and simulates the impact of
simulation schemes composed of relevant policy changes on ECS.
The data are sourced from the statistical yearbook and economic
statistical bulletin of Shaanxi Province from 2009 to 2022. In
addition, mathematical calculation methods, development trend
prediction methods, regression analysis methods, and other
methods are utilized for determining the parameter settings and
relationships between variables in the dynamic model of the system.
This is to ensure that the system model can better simulate the
relationships between variables and make it more consistent with
reality. Among them, the GDP growth rate of the economic
subsystem is determined by combining the Cobb Douglas
production function with the Solow residual method, and the
relevant expression is shown in Equation 2 (Zeytoon-Nejad et al.,
2023; Tsachtsiris et al., 2022; Dańska-Borsiak, 2022).

P � KNζGλ

P � KG′0zN′ζG′λ{ . (2)

In Equation 2, the second row is obtained by taking the
logarithm of the first row and differentiating it separately while
keeping the scale return constant. Among them, P represents GDP.
K represents technological progress. N represents labor force. G
represents fixed capital. G′

z represents the stock of technological
capital. N′ represents the stock of labor force. G′ serves as fixed
capital stock. ζ represents labor output elasticity. λ serves as the
elasticity of capital output. Fixed assets are usually horizontal
variables, so the perpetual inventory method is used to solve
them, and mathematical calculation methods are used to solve
their growth rates. The relevant expressions are shown in
Equation 3 (Ito et al., 2022; James Peter et al., 2022).

Gτ � Gτ−1 1 − ϕ( ) + Lτ

Sτ � e τ + 1( ) − e τ( )
e τ( )

⎧⎪⎪⎨⎪⎪⎩ . (3)

In Equation 3, Gτ represents fixed assets and τ is the year. ϕ
serves as the depreciation rate of fixed assets, set at 10.85% in the

study. Lτ represents newly added fixed assets. Sτ represents the
fixed growth rate in year τ. e represents the value of fixed assets. As
a major speed variable of an economic subsystem, the calculation
formula for GDP reduction is determined by the social cost of CEs
set by the US Government. The energy-saving, environmental
protection investment ratio, new energy investment ratio, and
new energy vehicle investment ratio in various economic
subsystems are all obtained by taking the average value within
the calculation cycle. GDP in the current period over the previous
period. Investment in fixed assets covers construction, equipment
and other inputs. Investment in energy conservation and
environmental protection involves expenditure on energy
conservation, emission reduction and environmental protection.
Each factor is interrelated and can be analyzed by mathematical
model. The relevant equations and parameter determination in the
population subsystem are relatively simple, so they will not be
repeated here. In the technology subsystem, technology output is
an important auxiliary variable, which is mainly determined by
multiple linear regression equations. This study also used the Cobb
Douglas production function for calculation, and the expression of
the relevant parameters after necessary transformation is shown in
Equation 4 (Saepudin and Amalia, 2022; Ikeo, 2021).

H � BUξNγe′q. (4)

In Equation 4, H represents technological output and research is
expressed in the quantity of patent authorizations. B represents the
actual efficiency of research and development (R&D) investment. U
represents the actual input of labor force, and the research is expressed
in terms of the actual number of R&D personnel.N represents capital
investment in scientific R&D, and research is expressed as the
expenditure of R&D investment funds. e′ represents the natural
base. ξ serves as the output elasticity of R&D personnel
investment. γ represents the actual output elasticity of R&D capital
investment. q represents the relevant influencing factors of investment
efficiency. The calculation of the growth rate of scientific and
technological level mainly adopts mathematical statistics, which
refers to calculation methods such as the fixed-asset growth rate
and labor force growth rate. When analyzing the data related to table
functions such as the proportion of R&D investment, the growth rate
of new R&D personnel, and the proportion of new R&D personnel,
the gray prediction method is used and matrix laboratory programs
are used to solve them. Other variable equations are determined on
the grounds of their own mathematical relationships.

The ECS in the energy subsystem mainly consists of four types:
coal, oil, natural gas, and non-fossil energy. This study establishes
panel data models with random effect coefficients for various types
of EC and major influencing factors on the grounds of stationary
and cointegration methods, using F-statistics and similarity tests.
The calculation expressions of the four mathematical models are
shown in Equations 5, 6.

LNCOALτ � ϑ + ψT
1LNGDPτ + ψT

2Rτ + ψT
3Mτ + ψT

4 Iτ + ςτ
LNOILτ � ϑ + ψT

5LNGDPτ + ψT
6Rτ + ψT

7Mτ + ψT
8 Iτ + ςτ

{ .

(5)
In Equation 5, LNCOALτ represents coal panel data. ϑ

represents intercept. ψ represents the coefficient of influence. R
represents the permanent population.M serves as the proportion of
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the TI. I serves as the price of energy. ς serves as the random error
term. LNOILτ represents oil panel data.

LNGASτ � ϑ + ψT
9LNGDPτ + ψT

10Rτ + ψT
11Mτ + ψT

12Iτ + ςτ i
LNNFEτ � ϑ + ψT

13LNGDPτ + ψT
14Rτ + ψT

15Mτ + ψT
16Iτ + ςτ

{ .

(6)
In Equation 6, LNGASτ and LNNFEτ represent panel data for

natural gas and non-fossil energy. Finally, the parameter definition
of the system is mainly on the grounds of the characteristics of the
system and combined with relevant authoritative information. Due
to space limitations, only a brief explanation of the determination of
policy regulatory factor parameters will be provided here. In this
model, the IF THEN ELSE function is used to determine the relevant
LC economic policy factors, which is a time-varying function. The
main purpose is for studying the impact of various policies and
combinations on EC, to effectively distinguish the differences
between past and future years. Figure 4 shows the overall
technical framework for simulation analysis of ECS policy in
Shaanxi Province.

3 Results

The simulation values of important variables in the model
(such as total population, GDP, and energy consumption) are
compared with historical data to check the relative errors of each
variable. Through policy simulation, the change trend of ECS and
carbon emission under different policy combinations is
predicted. In this study, simulations are carried out under

existing policies, single policies, and combination policies to
verify the impact of policies on ECS. A sensitivity analysis is
employed to ascertain the impact of disparate policy schemes on
the model output, thereby identifying the optimal policy
combination.

3.1 Policy simulation of the consumption
structure system

Before simulating the consumption structure system, aiming at
verifying the effectiveness of the model, this study first tested the
constructed system model. It mainly conducted historical tests on
eight important variables in the model, namely, total population
(10,000 people), GDP (100 million yuan), coal consumption
(10,000 tons of standard coal), natural gas consumption
(10,000 tons of standard coal), oil consumption (10,000 tons of
standard coal), non-fossil EC (10,000 tons of standard coal),
researchers (people), and CEs (10,000 tons), represented by R, L,
Q, P, M, U, S, and T, respectively. The test period is from 2016 to
2018, with a step size of 1 year. The historical test results of variables
R, L, S, and T are shown in Figure 5.

Figure 5A shows that the relative error of variable R is
maintained between −0.2707 and −0.2578, and the relative error
of variable L is maintained between −0.0162 and 0.0045. Figure 5B
shows that the relative error of variable S is maintained
between −0.0001 and −0, and the relative error of variable T is
maintained between 0.0176 and 0.4628. The historical test results of
variables Q, P, M, and U are shown in Table 1.

FIGURE 4
Overall technical framework.
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Table 1 shows that the relative error of variable Q is maintained
between −0.1129 and 0.8635, while the relative error of variable P is
maintained between −0.1233 and 0.9045. Figure 5B shows that the
relative error of variable M is maintained between −3.4570 and
4.0914, while the relative error of variable U is maintained
between −0.1658 and 1.9713. According to Figure 5 and Table 1,
after historical testing, the relative errors of each variable are less
than ±10%, indicating that the model has good fitting ability, can
reflect the actual situation well, and can predict the ECS of Shaanxi
Province. Therefore, in the simulation of consumption structure
system policies, research is conducted to verify from three aspects:
maintaining existing policies, single policies, and combination
policies. The simulation results of ECS, heterogeneous EC, total
EC, and CEs in Shaanxi Province under existing policies are shown
in Figure 6.

In Figure 6, 1–8 represent the years 2009–2030, with a 3-year
interval. A ~D, respectively, represent coal, oil, natural gas, and non-
fossil fuels. Figure 6A shows that the proportion of coal
consumption is gradually decreasing, but the decline is not
significant, basically maintaining around 70%. The proportion of
oil has shown a significant decline since 2018. The proportion of
natural gas and non-fossil fuels continues to rise, but it is relatively
slow. From the current policy perspective, the evolution of ECS in
Shaanxi Province in the coming years is basically consistent with the

current development trend. By 2030, the proportion of coal
consumption in Shaanxi Province will reduce to below 58%, the
proportion of natural gas consumption will reach over 15%, and the
proportion of non-fossil EC will reach around 20%. This result
indicates that under the implementation of existing policies, it is
hard for achieving the goal of optimizing the ECS. Figure 6B shows
that various types of EC in Shaanxi Province have shown a certain
growth trend, meeting the needs of future ED. Among them, by
2030, the consumption of coal, natural gas, and non-fossil fuels will
increase to 157.443 million tons of standard coal, 33.0373 million
tons of standard coal, and 22.578 million tons of standard coal. The
slow increase in oil consumption is in line with the overall
development trend. Figure 6C shows that under the current
policy support, the total EC and CEs in Shaanxi Province are
continuously increasing.

Overall, the system model is effective and scientific, and the
actual simulation structure is basically consistent with the trend.
However, relying on current policies is difficult to optimize the
consumption structure, so research has begun to implement single
and combination policies on the system and explore the degree of
ECS optimization under government macroeconomic regulation. A
single policy includes a single fiscal, industrial, financial, tax, and
technology policy. Plan 1 and Plan 2 are set in the implementation of
a single fiscal policy. The ratio of energy-saving and environmental
protection investment to new energy investment in Plan 1 is
0.05 and 0.03, respectively. Option 2 is 0.06 and 0.04,
respectively, while the existing policies are 0.04 and 0.02.
Therefore, the simulation results of ECS, heterogeneous EC, total
EC, and CEs in Shaanxi Province under the implementation of a
single fiscal policy are shown in Figure 7.

In Figure 7, X represents existing policies and N represents total
EC. Figures 7A, B show that the ECS after the implementation of the
policy has significantly optimized compared to the current policy,
with a decrease in the proportion of coal, oil, and natural gas. Among
them, Plan 2 has experienced the largest decline, with coal
accounting for less than 69% by 2030, while the proportion of
non-fossil fuels has increased. As time goes on, the gap between the
curves becomes larger and the optimization effect becomes more
significant. Figures 7C, D show that under a single fiscal policy, the
consumption of energy A ~ C relative to existing policies is

FIGURE 5
Historical test results for variables R, L, S, and T. (A) Historical test results for variables R and L. (B) Historical test results for variables S and T.

TABLE 1 Historical test results for variables Q, P, M, and U (10,000 tons of
standard coal).

- 2016 2017 2018

Historical value (Q) 9,142.83 9,387.18 9,643.84

Simulation value (Q) 9,132.50 9,468.23 9,641.14

Historical value (P) 1,276.93 1,337.92 1,364.83

Simulation value (P) 1,288.47 1,336.26 1,370.80

Historical value (M) 1,199.44 1,078.97 1,083.73

Simulation value (M) 1,206.33 1,041.66 1,128.06

Historical value (U) 492.56 723.00 807.98

Simulation value (U) 502.26 724.07 806.63

Frontiers in Environmental Science frontiersin.org08

Sun and Onuh 10.3389/fenvs.2024.1423009

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1423009


decreasing, while the consumption of energy D is continuously
increasing, with a basic gap maintained at approximately 8 million
tons of standard coal. Figure 7E shows that with the implementation
of a single fiscal policy, both the total EC and CEs are decreasing, and
over time, the curve gap is also widening, but the magnitude of the
reduction is limited. Overall, the implementation of fiscal policies
can effectively change the consumption of various energy sources
and undoubtedly optimize the ECS through fiscal policies.

In the single industry policy, Plan 3 and Plan 4 are formed by
adjusting the proportion of the TI, which are 47% and 50%,
respectively, while the current policy has a proportion of 43% for
the TI. Therefore, the simulation results of ECS and heterogeneous
EC in Shaanxi Province under the implementation of a single
industry policy are shown in Figure 8.

Figures 8A, B show that under the implementation of schemes
3 and 4, the proportion of coal and oil continues to decrease, while
scheme 4 will have a minimum of 65% and 5% by 2030, both lower
than the implementation results of existing policies. The proportion
of natural gas and non-fossil fuels continues to increase, with Plan
4 reaching a maximum of 17% and 12.5% by 2030, which is higher
than the implementation results of existing policies. Figures 8C, D
show that the increase in coal consumption under the
implementation of schemes 3 and 4 is lower than the increase
under the existing policy implementation. The consumption growth
of oil, natural gas, and non-fossil fuels is higher than the growth

under existing policy implementation. Among them, oil as a whole is
in a trend of decreasing first and then slowly increasing, which is
basically in line with the ED situation. Overall, implementing a
single industry policy will help change the consumption of
heterogeneous energy. Moreover, with the passage of time, the
effect of industrial policies continues to emerge, and the distance
between their curves is also further expanding. Therefore,
implementing this policy helps optimize the consumption energy
structure. In the implementation of a single financial policy,
Schemes 5 and 6 are proposed by adjusting loan interest rates,
with loan interest rates floating at +3% and −3%, respectively. The
current policy loan interest rate fluctuates to 0. Therefore, the
simulation results of ECS, heterogeneous EC, and CEs in Shaanxi
Province under the implementation of a single financial policy are
shown in Figure 9.

Figures 9A, B show that under the implementation of schemes
5 and 6, the proportion of coal has not changed much, maintaining
around 72%, and the rate of decline is lower than the current policy.
The proportion of oil is continuously decreasing, with Plan
6 reaching a minimum of 5% by 2030, which is lower than the
current policy results. The proportion of natural gas and non-fossil
energy is also increasing, but both are below 14%, and the growth of
natural gas is below the existing policy growth. Only Scheme 5 for
non-fossil energy is higher than the existing policy growth. Figures
9C, D show that under the implementation of Plan 5, the coal

FIGURE 6
Verification results of system models under existing policies. (A) Changes in the energy consumption structure in Shaanxi Province. (B) Results of
changes in consumption of heterogeneous energy sources. (C) Results of changes in total energy consumption and carbon emissions.
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consumption, natural gas consumption, and total EC have all
decreased compared to existing policies, and the effect has
become increasingly apparent over time. However, in terms of oil
consumption, the EC between 2023 and 2025 is higher than the
current policy and gradually decreases toward equality, while Plan
6 is the opposite. Figure 9E shows that the CO2 growth under
Scheme 6 is significantly higher than other schemes. Overall, the
rational utilization of financial policies has a promoting influence on
the optimization of ECS. In a single tax policy, schemes 7 and 8 are
formed by adjusting the tax rates of energy tax and carbon tax,
respectively. Scheme 7 has an energy tax and carbon tax rate of +3%,
Scheme 8 has a tax rate of +5%, and the current policy is 0.
Therefore, the simulation results of ECS, heterogeneous EC, and
CEs in Shaanxi Province under the implementation of a single tax
policy are shown in Figure 10.

Figures 10A, B show that the proportion of coal and oil is
decreasing under the implementation of schemes 7 and 8.
However, the downward trend of coal is relatively slow,
maintaining around 75%, and the rate of decline in oil is
lower than the current policy decline. The proportion of
natural gas and non-fossil fuels is constantly increasing.
Figures 10C, D show that the consumption of coal, oil, and
natural gas, as well as the total EC, has significantly decreased
since 2020, and over time, the gap between the consumption and
the current policy has become larger. Figure 10E shows that when
the carbon tax and energy tax rates rise, CO2 emissions will
reduce. When the carbon tax and energy tax rates further rise,
CO2 emissions will further decrease. Overall, implementing a
single tax policy can effectively reduce fossil EC, and as the

intensity increases, the effect becomes better. In the
implementation of a single technology policy, Plan 9 and Plan
10 are proposed by changing the factors of the talent introduction
policy and R&D investment ratio. Among them, the talent
introduction policy factor and R&D investment ratio of Plan
9 are 1.2 and +3%, respectively. Plan 10 is 1.3 and +5%, and the
current policy is 1.0 and 0. Therefore, the results of ECS and
heterogeneous EC in Shaanxi Province under the implementation
of a single technology policy are shown in Figure 11.

Figures 11A, B show that the changes in the proportion of
different energy sources under the implementation of schemes 9 and
10 are not significant compared to current policies, with only natural
gas showing the largest change of about 5%. This result indicates that
the optimization effect of technology policies on energy structure is
limited in the short term. Figures 11C, D show that with the
implementation of Scheme 9 and Scheme 10, the changes in EC
and total EC are not significant, and their policy effects are weak.
However, over time, the gap gradually widens. This result indicates
that the implementation of science and technology policies has a
certain lag.

Overall, the system model proposed in the study is effective in
single policy simulation and can provide reference for optimizing
the energy organizational structure in Shaanxi Province. However,
the role of technology policy in a single policy is relatively weak, so it
is excluded from the combination of three and four policies and used
to form fiscal industry finance, fiscal industry tax, industry finance
tax, fiscal finance tax, and fiscal industry finance tax policies, which
are respectively set as E ~ I. The parameter values under the relevant
combination policies are selected from the data of the second policy

FIGURE 7
Simulation results under a single fiscal policy implementation. (A) Proportion of energy A and B, (B) proportion of energy C andD, (C) consumption of
energy A and B, (D) consumption of energy C and D, and (E) results of indicators N and T.
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in Figures 6–10. The simulation results of the ECS and
heterogeneous EC in Shaanxi Province under the combination of
policies 3 and 4 are shown in Figure 12.

Figures 12A, B show that with the increase in policy
combinations, the ECS changes significantly, and different policy
combinations have different impacts on each energy source. With
the combination of four policies, by 2030, the proportion of coal will
decrease to 57.8%, while the proportion of non-fossil fuels will
increase to 21% and the proportion of natural gas will decrease to
16%. The fundamental reason for this phenomenon is the close
relationship between the change in ECS and each type of EC. It is not
only related to its own consumption but also closely relevant to the
consumption of other energy sources. Figures 12C, D show that as
the quantity of combined policies grows, the consumption of
heterogeneous energy sources changes significantly. Among them,
under the four policy combinations, coal consumption is the lowest
and renewable EC is the highest. However, in terms of renewable EC,
a single fiscal and tax policy will increase consumption.
Nevertheless, the separate finance and taxation have not
undergone any changes. Therefore, the influence of renewable EC
is the same across the four policy combinations and remains
unchanged across different policy combinations. The continuous
implementation of policies as a whole has become
increasingly effective.

3.2 Policy scheme evaluation and
consumption structure optimization
simulation

The sensitivity of different variables in the system model to
policies varies in different policy scenario simulations, resulting in
different impacts of the same policy scenario on different variables.
Therefore, it is difficult to judge the advantages and disadvantages of
different schemes separately on the grounds of their ECS. The study
takes the number of labor force, fixed-assets investment, coal
consumption, oil consumption, natural gas consumption, and
non-fossil EC as input indicators. GDP and CEs are used as
output indicators, and the relevant data are generated from the
SDM. The simulation time interval is from 2023 to 2030. Taking coal
and oil consumption as examples, the simulation data on industrial
policy-related evaluation indicators are shown in Table 2.

In Table 2, Y represents industrial policies. Table 2 shows that
the simulation data show that the coal consumption under the four
combination policies is continuously decreasing, reaching
96.38 million tons of standard coal by 2030. The implementation
of the three and four policies on oil consumption has decreased to
9.6 million tons of standard coal and 9.25 million tons of standard
coal by 2030, with significant changes. In this simulation data, the
evaluation of various schemes is preferred, and the evaluation index

FIGURE 8
Simulation results under the implementation of a single industry policy. (A) Proportion of energy A and B, (B) proportion of energy C and D, (C)
consumption of energy A and B, and (D) consumption of energy C and D.
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FIGURE 9
Simulation results under a single financial policy implementation. (A) Proportion of energy A and B, (B) proportion of energy C and D, (C)
consumption of energy A and B, (D) consumption of energy C and D, and (E) results of indicators T.

FIGURE 10
Simulation results under a single tax policy implementation. (A) Proportion of energy A and B, (B) proportion of energy C and D, (C) consumption of
energy A and B, (D) consumption of energy C and D, and (E) results of indicators T.
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is selected as the LC economic efficiency value. The results are
shown in Figure 13.

In Figure 13, J, S, Z, and K represent a single fiscal, financial, tax,
and technology policy, respectively. The horizontal axis
1–8 represents the years 2023–2030, and 9 represents the average
value. Figure 13 shows that the average LC economic efficiency of a
single fiscal, industrial, financial, tax, and technology policy is
0.9635, 0.9723, 0.9425, 0.9399, and 0.9043, respectively. The
average LC economic efficiency of combination policies E, F, G,
H, and I is 1.1651, 1.1246, 1.0481, 1.0753, and 1.2724, respectively,
while the average LC economic efficiency of current policies is
0.8953. Overall, the overall value of a single policy is higher than
the current policy, with the optimal combination of four policies.
This policy takes into account the future LC ED of Shaanxi Province,
making the coordinated development of the economy, energy, and
environment in Shaanxi Province better. It can be regarded as the
best policy solution for optimizing the ECS in Shaanxi Province, and
the ECS is optimal under this policy combination. On the grounds of
this, the ECS results of Shaanxi Province from 2023 to 2030 under
this policy combination are shown in Table 3.

Table 3 shows that the proportion of coal consumption will
decrease to 57.79% by 2030, and the decline will be faster in the later
stage than in the earlier stage. The proportion of non-fossil EC will
increase to 20.73% by 2030, and the growth rate will be relatively fast
in the coming period. Throughout the process, the proportion of

natural gas consumption has been increasing. Overall, with the
support of this plan, the optimization of the ECS dominated by coal
is essential, and the system model constructed through research has
strong applicability.

4 Discussion

The comprehensive effects of fiscal, industrial, tax, and financial
policies are analyzed from the perspective of LC economic benefits,
and the potential of energy structure optimization and ecosystem
sustainable development under multiple policy combinations is
revealed. The research method is similar to the results of
Aalizadeh R et al., which can better predict and promote the
development of local ECS and LC (Aalizadeh et al., 2021).
Compared with the system dynamics model in this study, Ding
et al. (2024) mainly focused on causal analysis of statistical data
rather than system simulation. Fatima et al. (2021) used the non-
linear ARDL model and wavelet analysis to study the impact of
global energy prices on CO2 emissions. This method focuses on the
volatility analysis of time-series data, which is different from the
global analysis of policy changes simulated by the system dynamics
model in this study. This study uses a more specific policy mix
simulation to optimize the energy structure by region, which is more
operable than the macro summary in Adebayo et al. (2021). Qu et al.

FIGURE 11
Simulation results under the implementation of a single technology policy. (A) Proportion of energy A and B, (B) proportion of energy C and D, (C)
consumption of energy A and B, and (D) consumption of energy C and D.
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(2021) used the game model to study the optimization of LC supply
chain. The game model is concerned with the interaction between
different decision makers, while this study is more concerned with
the dynamic changes of the whole system. Adjustments in fiscal,
industrial, and tax policies could significantly optimize Shaanxi’s
ecosystem and reduce its dependence on high-carbon energy
sources. Although a single policy may have a beneficial impact
on the energy mix, the effect of a combination of policies is more
pronounced.

It is found that the combination of fiscal, industrial, tax, and
financial policies can significantly improve the optimization effect of
energy structure, which is better than the current policy. Under the
optimal policy mix, by 2030, the proportion of coal, natural gas, and
non-fossil energy consumption will reach 57.8%, 16%, and 21%,
respectively, significantly reducing coal dependence and increasing
the use of clean energy. Compared with the current policy focus on
the improvement of a single area, the policy mix of this study is more

forward-looking and systematic, focusing on the synergies of
policies in multiple areas and promoting the overall economic
transformation. Through the system dynamics model, the global
impact of policy mix on energy structure and economic
environment is studied and simulated and more operational
suggestions are provided for policymakers.

5 Conclusion

At present, there is a dearth of systematic analysis of the evolution
trend of regional ECS using LC economic policy variables. This has
resulted in an inability to accurately discern trends. Therefore, this study
used Shaanxi Province as an example to construct a SDM and analyzed
its effectiveness. The experimental results showed that the relative errors
of each variable in the historical test were less than ±10%, indicating that
the model had good fitting ability. It reflected the actual situation well

FIGURE 12
Simulation results under the implementation of the combination of three and four policies. (A) Proportion of energy A and B, (B) proportion of energy
C and D, (C) consumption of energy A and B, and (D) consumption of energy C and D.
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and could predict the ECS of Shaanxi Province. In the analysis of a
single industry policy, Plan 2 experienced the largest decline, with coal
accounting for less than 69% by 2030, while the proportion of non-fossil
fuels increased. The implementation of a single technology policy had
certain lag and short-term limitations. Therefore, by 2030, after

implementing the combination policy, the proportion of coal
decreased to 57.8%, while the proportion of non-fossil fuels
increased to 21% and the proportion of natural gas decreased to
16%. In the evaluation of the plan and simulation optimization of
consumption structure, the average LC economic efficiency of the four

TABLE 2 Simulation data on evaluation indicators for coal and oil consumption.

Coal consumption (10,000 tons of standard coal)

- 2023 2024 2025 2026 2027 2028 2029 2030

Y 11,317 11,733 12,080 12,393 12,736 13,060 13,341 13,609

E 10,843 11,065 11,216 11,328 11,450 11,546 11,593 11,649

I 10,283 10,289 10,237 10,153 10,066 9,956 9,806 9,638

X 11,888 12,544 13,132 13,694 14,311 14,921 15,493 16,063

Oil consumption (10,000 tons of standard coal)

- 2023 2024 2025 2026 2027 2028 2029 2030

Y 1,189 1,214 1,231 1,247 1,361 1,274 1,281 1,287

E 1,115 1,110 10,996 1,078 1,056 1,030 997 960

I 1,105 1,094 1,077 1,055 1,030 1,001 965 925

X 1,166 1,182 1,191 1,197 1,202 1,205 1,202 1,198

FIGURE 13
LC economic efficiency values of each evaluation scheme. (A) Low-carbon economic efficiency value of a single policy solution. (B) Low-carbon
economic efficiency value of combined policy solutions.

TABLE 3 ECS results of Shaanxi Province from 2023 to 2030 under four policy combinations.

- 2023 (%) 2025 (%) 2026 (%) 2027 (%) 2028 (%) 2029 (%) 2030 (%)

Coal 70.00 66.93 65.28 63.52 61.69 59.78 57.79

Petroleum 7.51 7.03 6.78 6.49 6.19 5.87 5.54

Natural gas 12.44 13.39 13.88 14.39 14.91 15.40 15.94

Non-fossil fuels 10.06 12.64 14.06 15.59 17.21 18.93 20.73
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combination policies was 1.2724, which was better than other plan
policies. Overall, the SDM constructed in the study was effective and
applicable in the optimization model of ECS in Shaanxi Province.
However, the study only analyzed Shaanxi Province and did not explore
other regional energy provinces. Therefore, other research methods
could be applied to optimize the model and apply it to other regional
energy provinces in the future. Although the study offers a system
model and policy simulation for optimizing ECS in Shaanxi Province, it
is important to acknowledge the limitations to this approach. First of all,
it only focuses on Shaanxi and does not consider the differences in other
regions or international energy policies. Second, the policy variables do
not fully take into account the impact of global market fluctuations, and
the environmental and social benefits are evaluated in a single way. It
would be beneficial for future studies to be expanded to other regions in
order to enhance their applicability. Furthermore, the introduction of
more detailed ecological and social benefit assessment indicators would
provide a more comprehensive and reasonable basis for policy
recommendations in light of global market changes.

6 Recommendations

In light of the aforementioned analysis, it can be posited that the
following policies and fiscal policies play a pivotal role in optimizing the
ECS. In particular, the support for energy conservation, environmental
protection, and the new energy industry is of paramount importance as
it facilitates enhanced energy efficiency and curtails the reliance on fossil
energy sources. It is therefore recommended that financial investment
in energy-saving and environmental protection industries be increased,
that the stability and sustainability of funds be ensured, and that support
for LC industries, such as new energy vehicles, be enhanced. In addition,
the subsidy mechanism should be improved and the development of a
LC transportation system promoted. By reducing the proportion of the
secondary industry (such as energy and chemical industry) and
promoting the development of low-energy TI such as information
technology and service industry, it will help reduce the dependence of
high-energy industries and promote green transformation. Green
finance policy represents a crucial instrument for optimizing the
ECS. The establishment of a green credit mechanism and financial
incentive system can effectively steer enterprises toward LC
transformation. It is advised to reinforce the green credit data
sharing and accountability system to guarantee the transparency and
efficacy of the utilization of funds. Tax policies, such as energy taxes and
carbon taxes, can encourage companies to reduce carbon emissions, and
it is recommended that the scope of the tax be gradually expanded to
encourage the use of renewable energy. The combined effect of
comprehensive fiscal, industrial, tax, and green finance policies can
markedly enhance the energy structure, augment the proportion of
non-fossil energy utilization, and facilitate the optimization of regional
energy structures and the comprehensive advancement of a
LC economy.

According to the simulation and evaluation results, research will
provide optimization strategies for the formulation of related policies
and schemes of ECS in Shaanxi Province in the next year from the
following four policy aspects. The initial step will be to augment the
input of fiscal policy. From 2014 to 2018, China has continuously
increased its fiscal expenditure on energy conservation and
environmental protection industries, and the trend is rising. Shaanxi

needs to increase such investment as a share of GDP and focus on R&D
of equipment in key industries such as energy and chemicals.
Concurrently, it is imperative to reinforce the policy governing the
special fund in order to guarantee the stability of the financial resources
in question. The field of new energy vehicles should also increase
financial support, optimize the subsidy evaluation system, and promote
industrial development. Second, it should adjust industrial policy. For
Shaanxi Province, it should reduce the proportion of the secondary
industry, increase the proportion of the tertiary industry, develop low-
energy, high-quality industries, and promote the green transformation
of the industrial structure of Shaanxi Province. The objective is to
enhance the efficacy of green finance policies. It is mainly to build a
green credit data-sharing mechanism, implement the green credit
accountability system, and strengthen the incentive and constraint
functions of green credit. Third, it is imperative that tax policy is
optimized. It would be advisable for Shaanxi Province to implement a
carbon tax and extend the range of energy taxes that it collects. Through
tax collection, enterprises are forced to carry out energy conservation
and emission reduction, reduce fossil fuel consumption, and increase
non-fossil energy consumption. Fourth, it should promote green
finance, build a system for sharing green letter data and an
accountability mechanism, and enhance incentives. Fifth, it should
optimize tax policy. Shaanxi Province should carry out the general work
of carbon tax collection, expand the scope of energy tax, promote
conservation, and clean energy use.
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