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Abstract: The clean utilization of traditional energy and renewable, clean energy utilization are the
key points of the energy structure transition in the Yellow River Basin. This paper constructs an
evolutionary game model, with the participation of local governments and energy companies, to
analyze the dynamic evolution of each game subject. The results from the study highlight three
important facts about the energy mix transformation in the Yellow River Basin: (1) the high ratio of
traditional clean energy utilization and the low ratio of renewable, clean energy utilization align with
the actual energy use in the Yellow River Basin, which can better promote the inclusive development
of both types of energy; (2) increasing the capacity to utilize both energy sources can improve the
energy system resilience gains of game players, for example, at the immature stage of renewable, clean
energy utilization technologies, local government’s willingness to subsidize renewable clean energy
utilization is positively related to their energy system resilience gains; and (3) under the premise of
ensuring the energy supply, the introduction of penalty parameters can ensure a reasonable share
of both types of energy utilization, and an increase in the penalty parameters makes the game
participants increase their willingness to implement energy structure transformation policies.

Keywords: energy structure transformation; energy system resilience; evolutionary game; Yellow
River Basin

1. Introduction

Energy as the basis and driving force of socio-economic development, energy transition
has far-reaching implications for China’s sustainable development. The domestic energy
supply and demand pattern and the complex international environment, as well as global
warming due to climate change, will increase the instability and uncertainty of the energy
transition. Due to the different resource endowments of different regions, the impact of
the energy transition on different regions also varies greatly. The Yellow River Basin, also
known as the “energy basin”, is China’s energy base and plays a vital role in China’s
energy structure transformation. However, the executive summary of the Policy Study
on Structural Adjustment and Low Carbon Development in the Yellow River Basin “14th
Five-Year Plan” points out that the energy structure of the Yellow River Basin is still heavy
and lacks effective adjustment measures. The “Fourteenth Five-Year Plan for a Modern
Energy System” released by the Chinese government states that based on ensuring the
security of the energy supply, improving the capacity of the clean energy supply is an
inevitable choice to promote the energy transformation steadily.

The Yellow River Basin is not only rich in traditional energy resources, but also in
new energy resources [1,2]. Studies have shown that an energy structure dominated by
traditional energy sources is the leading cause of environmental pollution. In contrast,
renewable, clean energy sources are considered the critical force behind the energy structure
transition due to their low environmental load [3,4]. However, the characteristics of China’s
resource endowment determine that the dominance of traditional energy sources in energy
utilization will not change for a long time [5,6], while the utilization of renewable, clean
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energy sources has not yet formed a mature system, which makes the whole energy system
more vulnerable to natural environmental risks due to its uncontrollable, unstable, and
discontinuous features. This puts traditional and renewable, clean energy sources in a
long-term game. How to promote the clean use of traditional energy, while facilitating the
use of renewable, clean energy, is an important issue facing the Yellow River Basin under
the “double carbon” goal. Additionally, the willingness to choose the energy use depends
mainly on improving the capacity of different types of energy use. In recent years, energy
system resilience has become a hot topic of discussion in the global energy community. The
improvement of energy system resilience is related to the improvement in the capacity of
clean utilization of traditional energy, on the one hand, and the improvement in the capacity
of renewable, clean energy utilization, on the other hand (https:/ /www.cet.energy/). In
addition, the choice of energy use strategy is also influenced by government policies, among
which government subsidy policies have different impacts on low-carbon development
depending on different subsidy strategies, subsidies to different subjects, and the stage
of subsidy implementation [7-9]. However, the above studies ignore the limited role of
government subsidies in the energy transition. In this paper, we analyze the impact of
introducing penalty parameters on the energy structure transition in the Yellow River Basin
under the premise of ensuring the energy supply.

Based on the resource endowment and local development level of the Yellow River
Basin, how can the ratio on the clean use of traditional energy and the use of renewable,
clean energy be reasonably chosen? What is the impact of increased energy system resilience
on the strategic choices of participants in the energy mix transition? What is the impact of
the relative size of the subsidy and the penalty parameters on the energy mix transformation
trend? All these questions are the subject and areas of interest in this paper.

The innovations in this paper are mainly reflected in the following three aspects:

(1) Considering the energy resource endowment characteristics of the Yellow River Basin,
this paper proposes an energy structure transformation path for the inclusive devel-
opment of traditional and renewable, clean energy in the Yellow River Basin;

(2)  Unlike most studies, this paper reflects the impact of energy system resilience on local
governments and energy companies in the payoff matrix. It explores the impact of
increased energy resilience on the strategy choice of participating subjects;

(3) This study provides a new perspective to explore the impact of the introduction of
penalty parameters on energy structure transformation in the Yellow River Basin,
while emphasizing the “back-up guaranteed” by coal in the Yellow River Basin.

By exploring the above three issues, this paper analyzes the factors affecting the
strategic interaction of the participating subjects in depth and detail. It obtains two types
of energy utilization ratios suitable for the transformation of the energy structure in the
Yellow River Basin and the conditions limiting the enhancement of the two types of energy
utilization. This study has far-reaching implications for the transformation of the energy
structure in the Yellow River Basin.

The rest of the paper is organized as follows: Section 2 is the literature review, Section 3
is the methodology, Section 4 presents the results and discussion, and Section 5 is the
conclusions and policy implications.

2. Literature Review
2.1. Energy Transition Studies

Academic research on the energy transition is mainly divided into two parts: one
part is quantitative research, which analyzes the influencing factors in the process of the
energy transition [10-12] and explores the relationship between the energy transition and
economic growth [13,14]; the other part is qualitative research, which empirically analyzes
the energy transition [15-18] and explores the path of the energy transition [19-24]. Among
the methods and models used, in the exploration of energy transition pathways, are the
following: the multi-regional, multi-period, infrastructure-based model [20], the multi-
model integrated assessment framework [21], the system generalized method of moments
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model [22], the multi-model comparison method [23], and the multi-sided evolutionary
game model [24], etc. Different models have different focuses to address the energy
transition pathways in different countries or regions. Among them, the evolutionary game
model analyzes the connotations of the energy transition path by considering the interest
game between the participating subjects and according to the strategic interaction between
the two parties, which is consistent with the purpose of this paper to study the energy
transition path in the Yellow River Basin.

As the transformation of the energy structure in the Yellow River Basin is the focus of
the “double carbon” target, the existing studies related to this region mainly focus on anal-
ysis of the factors influencing carbon emissions under the “double carbon” target [25,26],
analysis of the factors influencing green development [27-29], and analysis of the cou-
pling between economic growth and carbon neutrality [30,31]. The studies directly related
to energy, analyze the impact of the carbon footprint for energy consumption [32] and
the coupling and coordination of the system as a whole on regional sustainable develop-
ment [33-36], etc. Energy is a limiting factor for economic growth and development, and
ensuring energy security is a priority for sustainable development [37]. To achieve the goal
of sustainable development in the Yellow River Basin, Wang et al. analyzed the differences
in regional development by establishing a system of indicators for the water-energy—food
system, using coupled coordination and decoupling models and spatial balance, in which
the energy use of the energy subsystem provided a reference for the energy transition [34].
By analyzing the water—energy—food relationship, Zhang et al. obtained sufficient water
resources to meet the scale of energy production [38]. However, Xia et al. found that the
water-consuming coal chain poses a threat to the scarce water resources in the Yellow River
basin, by establishing a comprehensive geographic database of production facilities in the
coal chain [33]. Based on the above analysis, the clean use of energy in the Yellow River
Basin is an inevitable trend. However, existing studies on the Yellow River Basin have
mainly focused on traditional energy use [1,33] and renewable, clean energy use [2], with
less research on the inclusive development of both types of energy use.

2.2. Evolutionary Game

Evolutionary game theory is an integrated approach that combines game theory and
dynamic evolution [39,40]. Evolutionary games differ from traditional game theory by
emphasizing that subjects with different learning and decision-making capabilities are not
perfectly rational but constantly learn, imitate, and optimize their respective decisions. In
the repeated game of competition and cooperation, the strategic behavior of game subjects
gradually becomes stabilized [41].

The evolutionary game mainly analyzes the behavior of limited, rational stakeholder
cooperation and strategy selection, which aligns with the characteristics of the multi-
object, long-term, and systemic nature of the energy transition [41]. By constructing a
low-carbon strategy evolution model of the government-company game, Wu and Xu
analyzed the influence of government policy incentives on firms’ low-carbon strategy
choices. They concluded that companies’ expectations of government incentive strategies
determined whether and how fast low-carbon strategies diffused [42]. Chen and Hu
developed an evolutionary game model of government-manufacturer interactions based
on static carbon taxes and subsidies. By analyzing the strategic interactions of the game
participants under different types of taxes and subsidies, they concluded that government
carbon taxes are better than subsidies in promoting low-carbon development [7]. Jiao et al.
considered the evolutionary game of local government and company behavior with carbon
emission constraints. They discussed the effects of important parameters, such as emissions
trading prices and free carbon allowances, on the evolutionary stabilization strategies
under static and dynamic reward and penalty mechanisms, and the results showed that
the participating agents have unique choices on evolutionary stabilization strategy [43].
Based on the applicability of the government—company game in the energy transformation
process, this paper intends to construct a game between local governments and energy
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companies on both sides, based on the resource endowment of the Yellow River Basin, to
study the energy transformation path of the Yellow River Basin.

3. Methodology
3.1. Evolutionary Game Model Construction

Based on the characteristics of high carbonization, high energy consumption, and high
pollution from traditional energy, and the uncontrollable, unstable, and discontinuous char-
acteristics of renewable, clean energy, this paper constructs a dynamic game between local
governments and energy companies in the Yellow River Basin, in which local governments
provide subsidies to energy companies to promote the clean use of traditional energy and
renewable, clean energy.

3.1.1. Model Hypothesis

Hypothesis 1. Local governments and energy companies in the Yellow River Basin are limited
rational players, and there is no perfect reciprocity of information between them. Their strategy
choices are influenced by each other, which is costly. Through continuous revision and improvement
in the evolutionary process, they eventually tend to fit their behavioral strategies. The set of strategies
by energy companies is {use integrated energy, use traditional energy}. The probability of energy
companies adopting the strategy of using integrated energy is “x”, and the probability of adopting
the strategy of using traditional energy is “1 — x”. The set of strategies by local governments in the
Yellow River Basin is {provide subsidies, no subsidies]. The probability of local governments adopting

“_ 1 ”

the subsidy strategy is “y”, and the probability of not adopting the subsidy strategy is “1 — y”.

Hypothesis 2. Under the “double carbon” goal, energy companies actively respond to the energy
structure transformation policy of local governments and adopt two types of energy utilization,
according to the resource endowment of the region: the clean use of traditional energy and renewable,
clean energy utilization, each accounting for a certain proportion of the energy utilization, referred
to as integrated energy utilization. The proportion of the clean use of traditional energy in integrated
energy utilization is “a”, and the proportion of renewable, clean energy utilization in integrated
energy utilization is “B”, (v + p = 1).

Hypothesis 3. Effective subsidies can not only requlate and guide the behavior of market players,
but also promote the sustainable and healthy development of society. The central government is the
top-level designer of policy documents and plays a macro-requlatory role in the energy structure
transformation in the Yellow River Basin. According to the guidance in central government
documents, local governments set development goals suitable for the energy structure transformation
in their regions and provide policy support and financial support for integrated energy utilization
by energy companies in their regions. “M;” denotes the clean use of traditional energy, and “M,”
denotes renewable, clean enerqy utilization. When the local government gives subsidies to energy
companies, but the energy companies do not use the subsidies to utilize integrated energy while
ensuring the energy supply, the energy companies are penalized by “S,”.

Hypothesis 4. A highly resilient energy system can plan responses before, during, and after
disruptions caused by various risks to maintain its core functions while minimizing negative impacts,
rebuild quickly, and strengthen the system’s ability to cope with future risks by recognizing and
adapting to future changes and uncertainties [44]. Under the subsidy policy of local governments,
energy companies in the Yellow River Basin can enhance the resilience of the enerqy system by
strengthening the utilization of integrated energy. The resilience enhancement benefit of local
governments is “Rg3”, and the resilience enhancement benefit of energy companies is “Re3”.

Hypothesis 5. The cost of using traditional energy, such as coal, in the Yellow River Basin is
“Ce1”, the resulting base revenue for the energy companies is “R.”, and the environmental loss
to the local governments is “Lg”. Under the “double carbon” goal, energy companies actively



Sustainability 2023, 15, 9695 5 of 20

respond to the energy mix transition policy and utilize integrated energy, in which the cost of clean
utilization of traditional energy is “AC,1”, the corresponding benefit to energy companies is “R.1”,
and the corresponding environmental benefit to local government is “Rq1”. The cost of utilization of
renewable clean energy is “C,,”, the corresponding benefit to energy companies is “Rep”, and the
corresponding environmental benefit to local government is “Rgs”.

3.1.2. Game Matrix

The strategic interaction between local governments and energy companies in the
Yellow River Basin is shown in Figure 1; the symbols and descriptions of the evolutionary
game model, based on the above settings, are shown in Table 1.

Local governments: subsidies for renewable clean energy use (+M;.)
Energy companies: benefits to local governments(+R 1)

Local governments: subsidies for the clean use of traditional energy (+ M; )
Energy companies: benefits to local governments(+R ;)

Local governments: Penalties for energy companies(—S, e)

Energy companies: Losses for local governments(—Lg)

Traditional Energy

Utilization
idi Cl f
Local subsidies B ean use o

traditional energy

governments companies
: No
subsidies

Integrated Energy
Utilization

Renewable clean
energy utilization

! Gains from enhanced resilience of energy system
(Local governments: +R 43 Energy companies: +R.3)

Figure 1. Strategic interaction between local governments and energy companies.

Table 1. Parameter symbols and descriptions.

Symbol Description Symbol Description

Ce1 The cost of using traditional energy, such as coal AC, The cost of clean utilization of traditional energy

Base revenue earned by energy companies using

Ce The cost of utilization of renewable, clean energy R, traditional energy, such as coal

Benefits of clean use of traditional Benefits for energy companies using renewable,
energy by energy companies clean energy

Benefits to energy companies from the resulting
increase in energy system
resilience, with local government
subsidies for integrated energy use

Benefits to local governments from the resulting
Rgs increase in energy system resilience, with local
government subsidies for integrated energy use

Environmental benefits to government from energy
Ra companies’ clean use of Rer
traditional energy

Environmental benefits to government from
energy companies’ use of renewable, clean energy

Environmental losses caused by energy companies to Penalties for integrated energy use by energy

Lg . >, Se companies that do not use the subsidies while
local governments when using traditional energy -
ensuring the energy supply
M Government subsidies for renewable, clean energy use M Government subsidies for clean use of
r by energy companies t traditional energy by energy companies
The proportion of traditional clean energy use Probability of strategy choice by energy
o, B (renewable, clean energy use) within the integrated X,y companies and local governments in the Yellow

energy use River Basin
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Based on the above basic hypotheses, the payoff matrix for the two parties involved in
the game is shown in Table 2 [43,45,46].

Table 2. Payoff matrix for the energy companies and local governments in the Yellow River Basin.

Local Governments

Provide Subsidies (y) No Subsidies (1 — y)
Companies Companies
Payoff Governments Payoff Payoff Governments Payoff

Use of " (Rz’ + Rep + M — Cﬂ) I 3
integrated —ACa #(Ra — M) + #(Re + RellQ7 Cc}:7 ACa)+ aRg1 + PR
energy (x) B Ra+ M\ p B(Rg2 = My) + Rgs B(Re2 — Ca2)

Energy companies —Co €3

Use of

traditional R, +M;—Cyq — S, Se—M;—Lg R, —Ca —Lg

energy (1 —x)

F(x)

_or
o

3.2. Evolutionary Equilibrium Analysis
3.2.1. Stability Conditions for the Evolution of Energy Companies

The expected benefits for energy companies in the Yellow River Basin when they
choose to utilize integrated energy are defined as Uj,, the expected benefits when they
utilize traditional energy sources are defined as Up,, and the combined benefits from
energy utilization choice strategies are defined as U,;

Ui = a(Re + Rep — Cot — ACe1) + B(Re2 — Ce2) +y(aMi + My + Re3) @
Uy, = ]/(Mt - Se) + (Re - Cel) (2
Ue: XU15+ (1 _x)UZE (3)

Thus, the replicator dynamic equation for energy companies is:

Cel *Re+“(Re+Rel *Cel 7AC€1)+ (4)
,B(Re2 - CeZ) +]/(R63 - (1 - “)Mf + 56 + :BMT)

To find stable conditions for the dynamic evolution of energy companies:
— _ (a=1D)Ce+(1-a)Re—a(Re1 —ACe1) —B(Re2—Ce2)
Let F(x) =0, gety* = : RL,37(1ftx)Mt]+/5Myi5e e
If y = y*, x is in a stable state of evolution.
If y # y*, the steady state of x needs to be discussed on a case-by-case basis.

Derivation of F(x) is obtained by:

=y(Up —Ue) = x(1—x)

a(F(x)) (1 Ce1 — Re + W(Re + Re1 —Ce1 — ACel)"’
or LT B(Rey — Ca) + y(Res — (1— )My + S, + pMy)| &

According to the stability theorem of the differential equation, the proportion of
energy companies that choose to use integrated energy sources in a steady state must
satisfy: F(x) = 0 and W < 0,whenx=0o0r1, F(x) = 0. Where G(y) = C,; — R+
a(Re 4+ Reg — Co1 — ACe1) + B(Re2 — Ce2) + y(Rez — (1 —a)M; + Se + BM;). The sign of

w depends on the size of G(y). When we take the derivative of y in G(y), we get
d((fiiéy)) = R — (1 —a)M; + Se + BM,;. So, G(y) is an increasing function of y. Where

G(y) =0, we get:

J(F(x
wheny > y*, G(y) >0, %

‘x =1 < 0, x = 1 is the evolutionary equilibrium point;

X
Based on the above analysis, it can be concluded that the choice of energy strategy by
energy companies evolves from x = 0 to x = 1 when y increases, indicating that when the

wheny < y*, G(y) <0, w ‘x = 0 < 0, x = 0 is the evolutionary equilibrium point.
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proportion of local governments choosing subsidies increases, the proportion of energy
companies choosing to use integrated energy also increases. In other words, when the
aggressiveness of government subsidies increases, the enthusiasm of energy companies
choosing to use integrated energy also increases.

3.2.2. Stability Conditions for the Evolution of Local Governments

Similarly, let the expected benefits for local government when they choose to provide
subsidies be defined as Uy, the expected benefits when no subsidies are provided be
defined as Uy, and the combined benefits of the subsidy choice strategy be defined as Us.

ulg = X[DC(Rgl - Mt) + ﬁ(Rgz - Mr> + Rgg] + (1 - X) (Sg - M; — Lg) 6)
Upg = x(aRg1 + BRg2) — (1 — x)Lg )
ﬁg = yUyg + (1 —y)Uzg (8)

Thus, the replicator dynamic equation for local governments is:

F(y) = (2)% =y(Uig — Uyg) = y(y — 1) [My — Se + x(aM; + M, + S — My — Rg3) | (9)

To find stable conditions for the dynamic evolution of local governments:

_ x _ —(M;=S,)
Let F(y) = 0, get " = —qyx7,7pm, 15, ks

If x = x*, y is in a stable state of evolution.
If x # x*, the steady state of y needs to be discussed on a case-by-case basis.
Derivation of F(y) is obtained by:

I(F(y))
Iy

= (2y — 1)[M; — Se + x(aM; + BM, + S, — M; — Rg3)] (10)

Similarly, let G(x) = M; — S, + x(aM; + BM,; + S, — M; — Ry3). The sign of w
depends on the size of G(x). When we take the derivative of x in G(x), we get
% = aM;+ BM; + S, — M; — Rg3. So, G(y) is an increasing function of x. Where
G(x) =0, we get:

when x > xx, G(x) <0, B(Pai(yy)) ‘y =1 < 0, y = 11is the evolutionary equilibrium point;

when x < xx, G(x) >0, a(gi(yy)) ’ y =0 < 0,y =0is the evolutionary equilibrium point.

Based on the above analysis, it can be concluded that when x increases, the strategy of
local governments in the Yellow River Basin to choose subsidies gradually evolves from
y=0toy =1, indicating that the willingness of energy companies to use integrated energy
increases and local governments subsidy policies are gradually implemented.

3.2.3. Stability Analysis of Replication Dynamics System
Where F(x) =0, F(y) = 0, we get five equilibrium points: E; = (0,0),E; = (0,1),E3 =
(1,0),Es = (1,1),Es = (x*,y%).

(x* *)_[ —(Mi=S.) (a_l)ce1+(l_a)R€_a(Rel_ACel)_,B(ReZ_CEQ)i|
Y ) = | G DM FBM+5.—Rgs Res—(1—a) M+ PM,+5,

According to Friedman [41], we analyzed the stability of the equilibrium points using
the Jacobi matrix. The Jacobi matrix of the above replicated dynamic system is as follows:
each of the five equilibrium points is brought into the Jacobi matrix, and the eigenvalues of
the Jacobi matrix are obtained:
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JoF(x)  9F(x)
o ox ay
J= 1ok oy
ox ay
(1-2v) Ce1 — Re + &(Re + Reg — Co1 — ACe1)+ } Res — (1— )My + M, + S (11)
_ B(Re2 — Ce2) + y(Rez — (1 — )M + S + BM;) @ t T
Mt - Sg+
-1H)M M, +5,—R 2y —1
(Oé ) t+ﬁ Y+ € g3 (y )|:x(“Mt+IBMr+SthRg3)

Based on the assumption of a finite rational man, the subsidy input of the local
governments in the Yellow River Basin in the process of integrated energy use by en-
ergy companies should be smaller than the benefit to the local government from en-
hancing energy system resilience, thus satisfying the condition that Rgg, > aM; + BM,.
With subsidies from local governments, the benefits of integrated energy use by energy
companies should be greater than the costs they pay, thus satisfying the condition that
a(Re + Rpp — Ce1) + BRe2 + Rz > aAC,q + BCep. Otherwise, energy companies would not
choose an integrated energy use strategy. The equilibrium points are brought into the
Jacobi matrix. The eigenvalues of the Jacobi matrix for each equilibrium point are obtained,
as shown in Table 3. The stability results for the replicated dynamic system are discussed
according to the above conditions, as shown in Table 4.

Table 3. Eigenvalues of the Jacobi matrix for each equilibrium point.

Equilibrium Points A1 Az

E; = (0,0) Se — M; Ce1 — Re +a(Re + Rep — Co1 — ACe1) + B(Re2 — Ce2)

E; = (0’1) M; =S, Cel*R6+Re3*Mt+Se+“(Re+Rgl+Mt7) +‘B(R82+M,,7C32)
Cel - Acel

E3 = (1,0) Rg3 —aM; — BM, Re — Co1 — &(Re + Re1 — Co1 — ACy1) — B(Re2 — Ce2)

Es = (1,1) aM; + BMy — Rg3 Re_cel_R€3+Mt_se_a(Re+Re1+Mt_) — B(Ro+ My — C)
Cel - ACel

Es = (x*,y%) Saddle point

Stages I and (I'): When energy companies in the Yellow River Basin do not have
a solid capacity to use integrated energy sources, with or without subsidies from local
government, integrated energy strategies offer less benefit to energy companies than
traditional energy use. Stage I (Se < M;) shows that M; dominates the strategy choice of
the game subjects. At this time, energy companies are not strong regarding the clean use
of traditional energy sources, so the local government strategy is not to provide subsidies,
while the energy companies’ strategy is to use traditional energy sources. Stage I’ (Se > M)
shows that S, dominates the strategy choice of the game subjects under the premise of
ensuring the energy supply. At the time, the energy companies’ ability to utilize traditional
energy cleanly is enhanced, while the ability to utilize renewable, clean energy sources is
not strong, and the local government strategy is to provide subsidies, while the energy
companies’ strategy is to utilize traditional energy sources. The equilibrium solution for
the system from stage I to stage I’ is from (0,0) to (0,1).

Stages II and (II'): When the capacity of energy companies in the Yellow River
Basin to utilize integrated energy sources increases, with subsidies from local governments,
energy companies earn more revenue from using integrated energy sources than tradi-
tional energy sources. Stage II (Se < M) indicates that M; dominates the strategy choice
of the game subjects. When the clean utilization capacity of traditional energy sources
increases, the strategy of local governments at this point is to (not) provide subsidies,
while the strategy of energy companies is to use (traditional) integrated energy sources.
Stage IT'(Se > M) indicates that S, dominates the strategy choice of the game subjects
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under the premise of ensuring the energy supply, and when the renewable, clean energy
utilization capacity increases, at this time, the local government chooses to provide subsi-
dies and energy companies carry out the utilization of integrated energy. The equilibrium
solution for the system from stage II to stage Il is from (0,0), (1,1) to (1,1).

Table 4. Stability of the replicated dynamic systems.

Sg<Mt(Sg>Mt)
Stage I (I') Stage II (II)
aA+BB<R,—C,1 aA+ BB > R, — Cy
Rez+a(A+Mp)+B(B+M,)<R,—Ceq Res+a(A+Mi) +B(B+M,) > R, —Cqq
Equilibrium
points M A2 State M A State
ESS ESS
00 - - (Instability point) - B (Instability point)
e . Saddle point
0,1) +(—) — Instability point (ESS) +(—) + (Instability point)
(1,0) + + Saddle point + + Saddle point
11 — + Instability point — — ESS
(x*y*) Det] <0NTr] =0 Saddle point Det] <0NTr] =0 Saddle point
Stage III (III') Stage IV (IV')
lXA-f—,BB>Re—Ce1 NA+ﬁB>Re—Ce1
Res +a(A+M;) + B(B+M;) >R, — Cy Rz +a(A+M¢)+B(B+M,) > R, — Cyq
Equilibrium
points M A2 State M A State
B Instability point B Instability point
00) +) * (Saddle point) +) * (Saddle point)
e . Saddle point
0,1) +(—) — Instability point (ESS) +(—) + (Instability point)
(1,0) + — Instability point + — Instability point
11 — + Instability point — — ESS
(x*y*) Det] <0NTr] =0 Saddle point Det] <0NTr] =0 Saddle point

Note: A = RL» + Rgl — Cpl — ACgl; B= Rgz — ng.

Stages Il and (III'): When the capacity of energy companies in the Yellow River
Basin to use integrated energy is further improved, the explicit benefits of using integrated
energy are greater than the benefits of using traditional energy in the absence of local
government subsidies. When subsidies are available, the expected benefits from energy
companies’ use of integrated energy strategies are less than the actual benefits of using
integrated energy. Stage III (S, < M;) shows that M; dominates in the strategy choice of
the game subject. At this point, the game subjects fluctuate in their strategy choice, and
there is no equilibrium solution. Stage III' (S, > M;) shows that S, dominates the strategy
choice of the game subjects under the premise of ensuring the energy supply. At this
time, the government chooses to provide subsidies, and the difference between the penalty
against energy companies’ and the subsidy is less than the difference between the energy
companies expected return from using traditional energy and integrated energy, and the
energy companies’ strategy is to use traditional energy. From stage III to stage III' the
system equilibrium solution goes from no solution to (0,1).

Stages IV and (IV’): Local governments in the Yellow River Basin increase subsidies
to energy companies to implement energy mix transformation policies, a move that leads
to more expected benefits from integrated energy use than actual benefits from integrated
energy use. In other words, increased capacity for the clean use of traditional energy and
renewable, clean energy use leads to increased actual benefits from integrated energy use.



Sustainability 2023, 15, 9695

10 of 20

Stage IV (Se < M) shows that M; dominates the strategy choice of the game subjects.
At this point, the government strategy is to provide subsidies, while the strategy of local
energy companies is to use integrated energy sources. Stage IV’ (Se > M;) shows that S,
governs the strategy choice of the game subjects under the premise of ensuring the energy
supply. At this point, the local government chooses to provide subsidies to companies
using integrated energy sources, and the equilibrium solution for the system from stage IV
to stage IV’ is stabilized at (1,1).

4. Results and Discussion

In order to visually analyze the dynamic evolutionary process for the strategy choice
between local governments and energy companies in the Yellow River Basin, we set the
initial strategy values and then simulate the strategy evolution process of both parties
under different scenarios by changing the parameters values. This paper used MATLAB
(R2022b) to simulate the evolutionary trajectories due to the different parameter changes.

This paper further demonstrates the evolutionary trajectory of the above equilib-
rium points and the evolution of different initial value points for the game subjects to the
equilibrium point. It analyzes the evolutionary trajectory of different ratios for traditional
energy clean use and renewable, clean energy use, as well as the changes in the revenue
and subsidy-related parameters regarding the local government’s decision to provide a
subsidy or not and the energy companies’ comprehensive use of energy or not, by using
numerical simulations. In order to meet the actual energy utilization of energy compa-
nies in the Yellow River Basin, the following parameters are set in conjunction with the
references [43,45,46] and the previous constraints: C,; = 1300, AC,; = 1000, C,, = 1600,
R, = 1800, Ry = 1000, Rz = 2000, Rez = 820, Rg1 = 85, Rey = 36, Rez = 820,
M; = 1100, M; = 86, Ly = 600, the unit of these parameters is CNY 100 million. A and b
represent proportions, and these two parameters are pure numbers without units.

4.1. Impact of the Initial Probability on Replicated Dynamical Systems

The initial probabilities for the numerical simulation are taken as {x = 0.1,y = 0.1},
{x=03,y=03}, {x=05y=05}, {x=07y=07}, {x=09,y=09}. As can be
seen from Figure 2, changing the initial probability of each game participant’s strategy
choice has a significant impact on the overall trend of system evolution, from the process
of changing the behavior strategies of the participating subjects, all with low probability
to high probability, the willingness of the local government in the Yellow River Basin to
subsidize increases gradually, and the willingness of energy companies to use integrated
energy increases. Finally, the game subject’s strategy stabilizes at {provide subsidies, use
integrated energy}. Under the “double carbon” target, local governments in the Yellow
River basin actively promote the energy mix transition, and energy companies actively
respond to local government policies. Therefore, the initial probability combination of
x=0.7 and y = 0.7 is chosen in the subsequent simulation analysis.

; Dynamic evolutionary process
T T T T T

= = — -Initial Value[x=0.1 y=0.1]
Initial Value[x=0.3 y=0.3] ==
— — — -Initial Value[x=0.5 y=0.5]
Initial Value[x=0.7 y=0.7]
— — — -Initial Value[x=0.9 y=0.9]

09 F

0.8

0.7 F

06

04 \
03 ¢
02} 3

0.1F | \

Figure 2. Evolutionary trajectory of the system with different initial probabilities.
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4.2. Impacts of Different Ratios of Clean and Renewable Energy Use of Traditional Energy on
Replicating Dynamic Systems

The energy utilization proportions of the numerical simulation are taken as
{a=07,b=03},{a=05b=05}, {a=0.3b=0.7}. As can be seen from Figure 3,
the change in the ratio of clean use of traditional energy to renewable, clean energy use
has a significant effect on the stabilization trend of the system evolution: when the clean
utilization of traditional energy accounts for a higher proportion of the integrated energy
utilization, the strategy stability point of the game participant subject is (1,1). When re-
newable clean energy utilization accounts for a higher proportion of the integrated energy
utilization, the strategy stability point of the game participant subject is (0,0). The ratio of
clean use of traditional energy and clean, renewable energy use depends on the expected
benefits from these two types of energy use and the government subsidies for both types
of energy use. When the proportion of clean use of traditional energy is high, energy
companies actively adopt advanced technologies to optimize the use of traditional energy
in the context of the “double carbon” target, driven by local government subsidies and
resource endowment in the Yellow River Basin, and the final strategy of local governments
and energy companies tends to {provide subsidies to use integrated energy}. Similarly, as
the share of renewable clean energy use in integrated energy use increases, the expected
revenue from renewable, clean energy utilization also increases. However, due to the
unstable and discontinuous nature of renewable, clean energy, the increase in subsidies is
not accompanied by an equal increase in expected revenue, and the final strategy of local
governments and energy companies in the Yellow River Basin tends to be {no subsidies, use
traditional energy}. This implies a more reasonable proportional structure for the clean use
of traditional energy and renewable, clean energy use in the integrated energy use structure
in order to drive the strategic choices of the game players {providing subsidies to use
integrated energy}. Meanwhile, to match the actual energy use in the Yellow River basin,
a combination of a = 0.7 and b = 0.3 energy use proportions is chosen in the subsequent
simulation analysis.

Probability
o
[$,]

<
~

0.3 | —6— X:a=0.7,b=0.3 |
—6—Y:a=0.7,b=0.3
—A— X:a=0.5,b=0.5 |-
—A—Y:a=0.5,p=0.5
—#— X:a=0.3,b=0.7 |{
—*—Y:a=0.3,b=0.7

0.2

0.1

0 002 004 006 008 01 012 014 0.16 018 0.2

Time
Figure 3. Impact of the different ratios for the two types of energy use in the integrated energy use
structure on the evolutionary trajectory of the system.

4.3. Impact of Changes in Energy System Resilience Gains Re3 and Rys on Replicated
Dynamic Systems

Setting R.3 and Rg3 to 820, 1640, and 2460, respectively, representing the increasing
benefits to both participating parties as the energy system’s resilience increases, it can be
obtained from Figure 4 that as the benefits from energy system resilience increase, the
time that energy companies choose to reach stability using integrated energy strategies
becomes progressively shorter. The earnings from the energy system’s resilience arises
from enhancing the capacity to utilize both traditional and renewable, clean energy sources.
Local government subsidy policies drive energy companies to pursue integrated energy
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Probability

use actively. However, government subsidies for renewable, clean energy use outweigh the
benefits they receive in terms of energy system resilience improvement when renewable,
clean energy use capacity is weak. Overall, integrated energy use involving traditional
clean energy use capacity is strong, and the renewable, clean energy use capacity is weak.
Due to the large subsidy gap in renewable, clean energy use, some energy companies have
insufficient incentives for renewable, clean energy utilization, driving a gradual decline
in the overall willingness of local governments to subsidize it, which in turn leads to
a restriction on the ability to utilize renewable, clean energy. With the improvement of
renewable, clean energy utilization capacity, the subsidies provided by local governments
for renewable, clean energy utilization are smaller than the benefits brought to them by
the improvement of energy system resilience, and the willingness of local governments to
subsidize renewable, clean energy is gradually increased. The final game subject strategy is
stabilized at (1,1). As energy system resilience brings increasing benefits to energy com-
panies, the magnitude of local government subsidies that first fall and then rise gradually
decreases. As seen in Figure 4a, energy companies’ gains in increasing energy system
resilience are not directly fed back to local governments, so even if energy companies’
renewable, clean energy utilization capacity increases, it will not change the overall trend
of the subsidy strategy.
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Figure 4. The impact of the change in benefits from enhanced energy system resilience for different
game players on the evolutionary trajectory of the system.

As seen from Figure 4b, the willingness of local governments to subsidize energy
companies in the Yellow River Basin decreases and then increases from the initial time
point, then gradually increases at the end. This is because initially when energy companies
are not strong in renewable energy utilization, energy system resilience enhancement
brings fewer benefits to local governments and does not fluctuate much in terms of local
government strategy choices. While with the enhancement of renewable, clean energy
utilization capacity, the resulting increase in the resilient benefits of the energy system, the
gap between the local government’s subsidies for renewable, clean energy and its resilient
benefits for the energy system keeps narrowing. For this reason, the local government
adjusts its subsidy strategy in time. Eventually, the game participants’ strategies tend to a
(1,1) steady state.

In sum, increased energy system resilience brings benefits to all players in the game.
For local governments, the benefits of increased energy resilience are weighed against
the subsidies provided, subsidies for traditional energy utilization can meet the increased
capacity for clean utilization of traditional energy in integrated energy utilization, and the
willingness of local governments to subsidize will only gradually increase when subsidies
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for renewable, clean energy utilization are smaller than the benefits from increased energy
resilience. Local governments are more sensitive to the benefits of increasing their energy
system resilience than the benefits of increasing the energy system resilience of energy
companies. Compared with local governments, both types of energy utilization capacity
improvements lead to increased energy system resilience gains. Hence, the gains from
increased energy system resilience have little impact on the strategic choice of energy
companies, whose ultimate strategy favors integrated energy utilization.

4.4. Impact of Changes in Local Government Subsidy Parameters M; and M, on Replicated
Dynamic Systems

The M was set to 550, 1100, and 2200 to represent the variations in low, medium, and
high subsidies. The simulation results are shown in Figure 5a. The local government’s
subsidy for the clean use of traditional energy depends on the share of traditional energy
in the integrated energy use and the benefit from the clean use of traditional energy for the
local government. When subsidies are low, local governments actively invest in subsidies
to promote the energy mix transformation in the Yellow River Basin in the context of the
“double carbon” target. As subsidies increase, local governments will measure whether
the subsidies they put in match the benefits they receive. Since the resource endowment
of the Yellow River Basin determines the clean use of traditional energy as the focus of
energy utilization, and the revenue from the clean use of traditional energy can meet the
purpose of providing subsidies, the ultimate strategy of the local government is still to
subsidize. The above two phases show that the change in the energy use strategy of energy
companies is not affected, because the ultimate strategy of local governments is to provide
subsidies for the clean use of traditional energy sources. However, as subsidies are further
increased, and local governments are over-subsidized compared to the benefits brought by
energy companies, the incentive for energy companies to utilize traditional energy clean
technologies is gradually weakening. Furthermore, under the subsidy policy of the local
government, energy companies will receive subsidies for the clean use of traditional energy
even if they choose to use only traditional energy. The combined effect of these two aspects
is that eventually, the strategy of energy companies favors the use of traditional energy,
and local governments are also phasing out subsidies. In other words, the system evolution
stabilization point will transition from (1,1) to (0,0) if the subsidy parameter is too large.
Therefore, subsidies for the clean use of traditional energy need to be limited to a range to
ensure that the subsidies provided by local governments for the clean use of traditional
energy match the proceeds received, while satisfying a reasonable ratio between the clean
use of traditional energy and renewable, clean energy use.
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Figure 5. System evolutionary trajectory under changes in local government subsidies for integrated
energy use by energy companies.
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The M, was set to 43, 86, and 172 to represent the changes in low, medium, and
high subsidies, as shown in Figure 5b. Local government subsidies for renewable, clean
energy use depend on the share of renewable, clean energy in the integrated energy use
and the revenue that renewable, clean energy use generates for local governments. Due
to the instability and uncontrollability of renewable, clean energy use, local governments
provide fewer subsidies for renewable, clean energy use when weighing the benefits and
inputs. With the further implementation of renewable, clean energy utilization policies, the
capacity of energy companies to utilize renewable and clean energy is enhanced, and the
gap between the subsidies provided by local governments and the income from renewable
energy utilization is narrowing, and subsidies from local governments are increasing.
As renewable, clean energy technologies continue to mature and the ensuing revenues
gradually cover government subsidies, local governments are providing tighter subsidies
for renewable, clean energy use, a move that effectively promotes competition in the
renewable energy market. In combination with (a) and (b), a range of subsidies needs to be
set for clean traditional energy use and on-demand subsidies for renewable, clean energy
use to induce the game players to reach an evolutionary equilibrium state of {no subsidies,
integrated energy use.

4.5. Impact of The Introduction of Penalty Parameters on Replicated Dynamic Systems

From Section 4.4, it can be seen that the subsidy parameter M; for the clean use of
traditional energy by the local government in the Yellow River Basin is too large, which will
make the system’s evolutionary stability point (0,0). When Se < Mg, energy companies
are still subsidized at this point for energy security considerations, although there are
penalties for not using traditional energy cleanly. When S > M;, the energy companies’
traditional clean energy utilization technology has been relatively mature, the improvement
of renewable, clean energy utilization capacity plays a key role in the integrated energy
utilization. The energy companies will be punished if they do not carry out renewable,
clean energy utilization. At this time, the energy companies are in the state of being
punished. In summary, changes in the penalty parameters affect the strategy choice
of participating subjects. Therefore, we mainly discuss the influence of changes in the
punishment parameters on the evolutionary trajectory of the system. The range of penalty
parameters is divided into three categories, as shown in Figure 6.

Situation I (S, < My, S, = 300): Figure 6a illustrates that when the penalty parameter
is small, compared to Figure 2, it does not change the overall trend of the initial probability
of the game participants’ strategy choice on the system’s evolution. Figure 7a illustrates
that the introduction of the penalty parameter does not change the strategy choice of the
game participants {providing subsidies, integrated energy use}. When the ratio of the clean
use of traditional energy to renewable, clean energy use is large, compared to Figure 3,
and when the ratio of renewable, clean energy use to traditional clean energy use is larger,
the local government penalizes energy companies for not utilizing integrated energy. This
penalty increases the opportunity for integrated energy use by energy companies, which
makes the strategy choice of game participants change from {no subsidy, use traditional
energy} to {provide subsidies, use integrated energy}. In summary, the smaller penalty
parameter has less influence on the willingness of the game participants to transform the
energy structure, and the introduction of the smaller penalty parameter also regulates
the behavior of energy companies in integrated energy utilization, which makes the clean
utilization of traditional energy steadily improve.
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4 Dynamic evolutionary process
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Situation II (S, < M, S, = 700): Figure 6b illustrates that, compared to Figure 6a, as
the penalty parameter increases, it decreases the probability that the strategy choice of
the game participants tends to stabilize the point of system evolution, which means that
a specific range of penalty parameters increases the implementation of energy structure
transformation policies by local governments and energy companies. Figure 7b does not
change the final tendency of the game participants’ strategy choice, compared to Figure 7a.
The difference is that the increase in the penalty parameter reduces the magnitude of
the local government’s willingness to subsidize first down and then up when the ratio
of clean use of traditional energy to renewable, clean energy is large, indicating that the
increase in the penalty parameters decreases the difference between the absolute value
of local government subsidies and penalties, and the benefits that energy firms bring to
local governments. In summary, it can be concluded that a larger penalty parameter has
a more significant impact on the willingness of the game participants to carry out energy
structure transformation, and the introduction of a larger penalty parameters also makes
energy companies further strengthen their ability to use traditional energy more cleanly.

Situation III (S, > M;, S, = 1200): Figure 6¢ illustrates that when S, > M;, the
initial probability of changing the strategy choice of the game subject has no effect on the
overall evolutionary trend of the system. This phenomenon suggests that the willingness
of local governments and energy companies in the Yellow River Basin to implement energy
structural transformation policies is strong when the penalty parameter is large. Figure 7a—c
illustrates that the larger penalty parameter makes local governments progressively more
willing to subsidize when the ratio of clean use of traditional energy to renewable, clean
energy use is larger. In summary, larger penalty parameters significantly impact the
game participants’ willingness to transform the energy mix. An increase in the penalty
parameters leads to the maturation of technologies for the clean use of traditional energy
sources. Moreover, it enhances the capacity of renewable, clean energy use, and a larger
penalty increases the cost of using traditional energy sources for energy companies, forcing
them to participate in integrated energy use actively.

To sum up, for the clean utilization of traditional energy, the introduction of penalty
parameters can further improve the clean utilization capacity of traditional energy. When
the utilization capacity of renewable, clean energy is not strong, in addition to considering
penalties to restrain the behavior of energy companies, it is also necessary to determine the
degree of subsidy according to the level of renewable, clean energy utilization technology.
The increase in the penalty parameters causes the strategy choices of the game participants
{provision of subsidies and integrated energy use} to converge to a steady state in a relatively
short period of time. When M; dominates, the penalty parameter drives the clean utilization
capacity of conventional energy sources. In contrast, when S, dominates, the penalty
parameter drives the clean utilization capacity of renewable energy sources. Thus, on the
basis of ensuring energy security, punitive parameters are introduced to constrain energy
companies’ energy use choices and force them to move towards integrated energy use.

4.6. Summary

Combining the above five points, the following three points are summarized: (1) the
initial willingness of the participating parties in the Yellow River Basin has a significant
influence on the transformation of the energy structure; (2) a reasonable proportion of clean
utilization of traditional energy and renewable, clean energy utilization can promote the
sustainable development of the Yellow River Basin; and (3) changes in the benefits from the
increased resilience of the Yellow River Basin energy system and the relative magnitude
of the subsidy and penalty parameters influence the strategic choices of the participants.
These findings have important implications for the transformation of the energy mix in the
Yellow River Basin. These results are also significant for energy structure transformation in
other regions. However, when applied to other regions, the local resource endowments,
development levels, and policy implementation conditions need to be considered.
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5. Conclusions and Policy Implications
5.1. Conclusions and Recommendations

Based on the unique resource endowment of the Yellow River Basin, with the clean

utilization of traditional energy and renewable, clean energy utilization as the goal of energy
structure transformation, this paper constructs an evolutionary game model for both local
governments and energy companies, and the key factors affecting the strategy choice of
the game participants are analyzed (as shown in Figure 8). The following conclusions and
recommendations are obtained:
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Figure 8. Analysis of the key influencing factors in the strategic interaction between local governments

and energy companies in the Yellow River Basin.
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The high ratio of clean utilization of traditional energy and the low ratio of renewable,
clean energy can promote the transformation of the energy structure in the Yellow
River Basin. Therefore, based on the resource endowment of the Yellow River Basin
and the utilization of renewable and clean energy, while ensuring a reasonable utiliza-
tion ratio for the two energy sources, the pace of clean utilization of traditional energy
sources in the Yellow River Basin should be accelerated. Moreover, while increasing
the ability to utilize renewable clean energy technologies, clean technologies, such as
CCUS [47,48], should be vigorously developed, and renewable clean energy sources,
such as solar, wind, and hydro energy, should be cultivated actively;

The strategic choices of energy companies are influenced by the capacity for both types
of energy utilization, while the strategic choices of local governments are primarily
influenced by the capacity for renewable, clean energy utilization. Therefore, for
energy companies, it is a top priority to improve the technology level for the clean use
of traditional energy and carry out special technical research on the use of renewable
energy to improve the ability to use both types of energy. For local governments,
improving the sensitivity of energy system resilience according to energy companies’
revenue generation and increasing subsidies for renewable, clean energy utilization
play a crucial role in the energy structure transformation by energy companies;
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(3) The introduction of penalty parameters not only ensures a reasonable range of subsi-
dies for the clean utilization of traditional energy, but also provides a guarantee for
the maturation of renewable, clean energy utilization technologies. Therefore, a better
combination of subsidy and penalty parameters can motivate local governments and
energy companies to move toward integrated energy use. When energy companies
are driven by innovation to improve the clean utilization of traditional energy sources
and master the core technology of renewable, clean energy utilization, this move is of
great value to the transformation of the energy structure in the Yellow River Basin;

(4) In the short term, the clean use of traditional energy is the most economically feasible
option, and the impact of one strategy on the other between energy companies and
local governments is not significant at this stage. In the medium and long term,
renewable, clean energy in the Yellow River Basin can enter a whole new stage of
development, and the impact of the interaction between the two strategies is very
significant at this stage. Therefore, combined with China’s energy transition trend, in
the short term, to balance economic and environmental sustainability, it is necessary
to improve the level of technology for the clean and efficient utilization of traditional
energy, i.e., the energy transition should take moderate means. In the medium and
long term, scientific development planning for renewable, clean energy and the active
promotion of a high percentage of renewable, clean energy utilization should be
implemented to meet the growing energy demand.

5.2. Limitations and Future Research

This study enriches the scope of research on energy structure transformation in the
Yellow River Basin by examining the energy structure transformation path for the inclusive
development of traditional energy use and renewable, clean energy use in the Yellow
River Basin, which is of great significance for the high-quality development of the Yellow
River Basin. However, this paper assumes that energy system resilience enhancement
brings benefits to local governments and energy companies, but the sensitivity of local
government subsidy strategies to bring the same benefits to different participants is not the
same, and how to build a data sharing and exchange platform related to energy system
resilience benefits is an important issue that needs to be addressed. Furthermore, this
paper considers the integrated energy use pattern under different ratios of traditional
energy clean use and renewable, clean energy use in the Yellow River Basin and how to
functionalize this relationship to fit the changing trend of energy use in the region as a
direction of future research.
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