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Abstract: Based on the perspective of joint operation between coal power enterprises and new energy
power enterprises (JOCN), this paper constructs an evolutionary game model among coal power
enterprises (CPEs), new energy power enterprises (NEPEs) and the government, and analyzes the
influencing factors of the final strategy choices of various subjects through evolutionary simulation.
The results show that: (1) The game among CPEs, NEPEs and the government in JOCN is a win-win
game. (2) The probability of CPEs choosing to participate in the joint operation is positively correlated
with additional operating income, government subsidies and environmental costs in coal power
generation, while negatively correlated with additional operating costs and spillover effects. (3) The
probability of NEPEs choosing to participate in the joint operation is positively correlated with
additional operating income, government subsidies and the cost of power loss in new energy power
generation, while negatively correlated with additional operating costs and spillover effects. (4) The
probability of the government choosing to support joint operation is positively correlated with
social welfare, and negatively correlated with the cost of governmental strict supervision. The
research results can provide theoretical reference for enterprises and the government in the future
transformations and policy formulation.

Keywords: coal power enterprise (CPE); new energy power enterprise (NEPE); joint operation;
government; evolutionary game

1. Introduction

The National Development and Reform Commission and the National Energy Admin-
istration have issued an “Implementation Plan for Promoting High-quality Development of
New Energy in the New Era”, which calls for encouraging coal power enterprises (CPEs) to
carry out a joint operation with new energy power enterprises (NEPEs) in order to promote
a combination of coal and new energy (National Development and Reform Commission,
2022). To build a clean, low-carbon, safe and efficient new power system, it is necessary
to accelerate the integration of coal power enterprises and new energy power enterprises.
However, CPE-NEPE partnerships, as a new type of joint operation, are not yet mature and
are still in the exploration stage.

“Joint Operation between Coal Power Enterprise and New Energy Power Enterprise
(JOCN)” presents a development model that integrates multiple industries, with CPE aim-
ing for clean, efficient, flexible, and foundational development, and NEPE focusing on sys-
tem support. It actively explores coupled development models such as “coal power + new
energy” [1]. Joint operation can achieve economies of scale in the energy industry and
reduce operating costs; it can also promote industrial synergy and enhance the stability
and risk resistance of the energy system. During the process of energy transition, if CPE
and NEPE operate independently with investments that maximize their own interests, it
may lead to investment imbalances and the loss of social welfare [2]. Under the layout of a
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joint operation, based on maximizing the interests of joint venture enterprises, a reasonable
effective installed capacity can be formed through the flexible transformation of coal-fired
units and the interconnection of adjacent power grids.

In terms of supervision, CPEs can rent capacity from NEPE stations to avoid the risks
of unstable revenue from auxiliary services caused by market fluctuations. In terms of cost
allocation, a joint operation will distribute the fixed costs and system costs of NEPEs to
CPEs [3]. When the marginal cost of NEPEs is lower than that of CPEs, the orderly transition
of energy and energy conservation can be achieved. In terms of low-carbon development,
NEPEs can replace part of the coal consumption quota of CPE projects through their carbon
reduction effects, as well as deepen the binding of CPE carbon emissions rights and NEPE
green value to reduce the production costs of CPEs and shape a stable coal power market.
To meet the requirements of sustainable energy development and energy supply, a joint
operation between coal power enterprise and new energy power enterprise (JOCN) is one
of the most effective root-cause strategies for energy low-carbon transformation.

In the context of energy decarbonization, CPEs, NEPEs, and the government are not
entirely rational, and information is not fully transparent. Therefore, traditional game
theory models are not suitable for modeling in this article. However, the evolutionary
game theory model overcomes these shortcomings. It does not require the participants
to be fully rational, nor does it require complete information symmetry. Evolutionary
game theory is a theory that studies the dynamic process of a group over time, trying
to explain how the group evolved to its current state. The factors that influence group
evolution have both random and disruptive elements, as well as evolutionary regularities
that emerge through the selection process [4]. The core of evolutionary game theory
analysis is not the optimal strategy choice of individual players, but the adjustment process,
evolutionary trend, and stability of the group members’ strategic choices [5]. Therefore, this
article uses an evolutionary game theory model to construct a model of CPEs and NEPEs
under government supervision in the context of energy decarbonization. Using MATLAB
R2021a, the article simulates the evolutionary trends in different strategy combinations and
parameter changes in the game subjects, trying to clarify the cooperation mechanism of
JOCN under government supervision.

2. Literature Review

Research on government participation in energy structure adjustment has been a focus
of the past decade, but there has been little analysis of the bargaining relationship between
CPEs and NEPEs. A large amount of the literature is concentrated on quantitative studies
of government participation in energy structure adjustment, the coordinated development
of traditional energy and new energy, and the analysis of energy transition by using
evolutionary game theory.

The relevant literature on the research subject of this article is mainly focused on the
following aspects: how the government supports the development of new energy industry,
the coordinated development of traditional energy and new energy, and the application of
evolutionary game theory in energy transition.

First, how the government supports the development of new energy industry. Lawre-
nee compared the impact of government taxation on traditional energy and new energy,
and found that tax policies can promote the development of new energy industry [6]. By
constructing a CGE model containing coal resource tax, Tang indicated that policy reform
will drive changes in the energy structure [7]. Nicolini showed that energy subsidy policies
can effectively promote the development of renewable energy both in the long and the short
term [8]. Zhang proposed a real options model to estimate the optimal subsidy for renewable
energy projects to promote competition in the renewable energy industry [9]. Zhou believed
that government subsidies have a promoting effect on the new energy industry, but should
pay attention to the problem of homogeneous overcapacity caused by subsidies [10].

Second, the coordinated development of traditional energy and new energy. Fischer
proposed that in the clean utilization of traditional energy and new energy power genera-
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tion, the government’s policies include carbon trading markets, market allocation systems,
carbon emission restrictions and government subsidies [11]. Sun constructed a three-stage
game model among the government, CPEs and NEPEs to analyze the optimal solutions of
the government subsidies and support prices in R&D for NEPE [12]. CAI studied the impact
of parameter changes, such as government subsidies, the green degree of traditional energy
and new energy products, and others, on the government and enterprises. By constructing a
four-stage game model of production and consumption, Sun analyzed the optimal price and
social welfare difference under the three modes of new energy subsidies (government, CPE
and consumers) [13]. Zhao explored the cooperative and competitive relationship between
the traditional energy industry and the new energy industry under the participation of
the government by constructing two evolutionary game models: government and energy
industry, and traditional energy industry and new energy industry [14].

Third, the application of evolutionary game theory in energy transition. Liu showed
that the government and enterprises developing the new energy industry is a Nash equilib-
rium strategy combination, and government subsidies, technological innovation, and other
factors will affect the development of new energy industry [15]. Zhang used evolutionary
game theory to analyze the role of the government in new energy industry investment. The
study showed that the government needs to play a guiding and supporting role in the early
stage of new energy development, and the government and market should be switched in
a timely manner at a later stage [16]. By constructing an evolutionary game model between
enterprises and the government, Zheng studied the government’s policy support for new
energy financing and investment in the context of new urbanization [17]. Chai built an evo-
lutionary game model between the government and power generation enterprises, and the
research showed that government subsidies promote the energy structure transformation
of power generation enterprises. The proportion of renewable and clean energy utilization
capacity depended on the expected benefits of the two energy sources, as well as the two
types of government subsidies and the environmental benefits they bring [18].

In summary, this article attempts to construct an evolutionary game model among the
coal-fired power industry, the new energy power industry, and the government, analyzing
the impact of government intervention on the strategic choices of CPE and NEPE, searching
for stable evolutionary game strategies, and exploring the possibility and development
direction of JOCN to fill the gap in the literature.

3. Basic Assumptions and Model Construction

This article constructs a three-agents evolutionary game model of JOCN under gov-
ernment supervision, with the logical relationship between the entities shown in Figure 1.
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Figure 1. Logical relationship diagram of a three-agents evolutionary game model.

The promotion of joint operation cannot be separated from the involvement of the
government. In the process of energy transition, if CPEs and NEPEs are independently
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operated with investments that maximize their own interests, this will cause investment
imbalances and the loss of social welfare. Therefore, the strict supervision and incentive
measures of the government are particularly important. The government constrains CPEs
through carbon emissions, manages NEPEs through subsidies and a renewable energy
quota system, and incentivizes CPEs and NEPEs to form a joint operation. The low-cost
supervision capacity provided by CPEs helps to absorb that of NEPEs. The green value
and carbon reduction effect provided by NEPEs help to expand the profit channels and
realize the long-term, low-cost, environmental value of CPEs.

3.1. Basic Assumptions

Based on the evolutionary game method, this article analyzes the interest conflict and
the optimal choice among CPEs, NEPE sand government supervision [19-23]. We put
forward the following assumptions:

Assumption 1. The participants in the game include CPE, NEPE, and the government. All the
agents in the game are rationally bounded, and their strategy choices tend to be stable and optimal
over time. The agents all adopt two strategies: CPEs adopt a joint operation or non-joint operation;
NEPEs adopt a joint operation or non-joint operation; and the government adopts strict supervision
or loose supervision. It is assumed that CPEs choose joint operation with a probability of x, then
non-joint operation with 1 — x, while NEPEs choose joint operation with a probability of vy, then
non-joint operation with 1 — y; the government chooses strict supervision with a probability of z,
then loose supervision with 1 — z. The value ranges of x,y,z are [0, 1].

Assumption 2. If the benefits of the joint operation for the game participants are less than their
benefits gained from not participating, they will choose non-joint operation. CPEs and NEPEs
pursue the maximization of corporate interests. CPEs and NEPEs will effectively alleviate the
contradiction in the utilization of multiple enerqy categories, and effectively improve the operating
losses of CPEs. The government will pursue the maximization of public interest [22].

3.2. Model Construction

According to the above research assumptions, the game model provides the payoff
matrices for CPEs, NEPEs, and the government in their strategic behaviors [24-28]. The
meanings of relevant parameters and symbols are explained in Table 1, and the evolutionary
game payoff matrix is shown in Table 2.

Table 1. Parameter settings and symbol explanations.

Parameter Symbol Description
Ry CPEs obtain the additional operating income through joint operation
R> CEPEs obtain the additional operating income through joint operation
R The social welfare when NEPEs choose joint operation
Rs The social welfare when both CPEs and NEPEs choose joint operation
Ry The social welfare when neither CPEs or NEPEs choose joint operation
Cy CPEs incur the additional operating cost through joint operation
(@) NEPEs incur the additional cost through joint operation
Cg Cost under strict supervision when the government order NEPEs that choose non-joint operation to rectify
Aq When CPEs choose joint operation, the government provide an additional subsidy under strict supervision
Ar When NEPEs choose joint operation, the government provide an additional subsidy under strict supervision
By When CPEs choose non-joint operation, the spillover benefits to the CPEs caused by the NEPEs choosing joint operation
B, When NEPEs choose non-joint operation, the spillover benefits to the NEPEs caused by the CPEs choosing joint operation
F When CPEs chooses non-joint operation, the environmental cost and clean transformation cost caused by its carbon emissions
F When NEPEs chooses non-joint operation, the cost of power loss caused by its intermittent and difficult consumption
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Table 2. The payoff matrices of CPE, NEPE, and the government.
NEPE Government
Strict Supervision (z) Loose Supervision (1 — z)

Joint operation (y) Ry = C;‘ + 1131' Rﬁ —C Ry —Cy, Ro— Gy, Rg

Joint operation (x) 2, Rg + Rs
CPE Non-joint operation (1 — y) Ri—Ci+A, Bo—F, —Cq Ri—Cy,Bo—F,0
Non-joint operation Joint operation (y) By —F, Ro —Cy+ Ag, Rg By —F, Ro —Cy, Ry
(1-x) Non-joint operation (1 — y) —F, =B, —C¢—Ry -F, - K, — Ry

CPEs obtain the additional operating income through joint operation, which is denoted
as Rj; the additional operating cost is denoted as C;. If CPEs choose joint operation, the
additional subsidy provided by the government under strict supervision is denoted as A;.
If CPEs choose non-joint operation, the spillover benefits to the CPEs caused by the NEPEs
choosing joint operation is denoted as Bj.

NEPEs establish a profit-sharing mechanism between CPE and NEPE within the joint
operation. The additional operating income of joint operation is denoted as Rj, and the
additional cost is denoted as C,. Under strict supervision, the government provides an
additional subsidy, denoted as A;. If NEPEs choose joint operation, the social welfare
is represented by R, otherwise, the spillover benefits to the NEPEs caused by the CPEs
choosing joint operation is represented by B,.

Under the strict supervision, the government will order NEPEs that have chosen
non-joint operation to rectify this, where the government’s strict supervision cost is de-
noted as Cg. If both CPEs and NEPEs choose joint operation, it will better promote the
optimal combination of coal power and new energy, jointly promoting China’s energy
transformation; the social welfare is represented by Rs. If neither agent chooses, social
welfare is represented by R,.

If CPE chooses non-joint operation, the environmental cost and clean transformation
cost caused by its carbon emissions is denoted as F;; If NEPE chooses non-joint operation,
the cost of power loss caused by its intermittent and difficult consumption is denoted as F.

3.3. Evolutionary Game Analysis

( Building the replication dynamic equations

Due to the asymmetric information acquisition among CPEs, NEPEs and the gov-
ernment, the three agents will constantly learn through trial and error, and adjust their
strategies by adjusting x, y, z. Let Eq, E, E3 represent the average expected returns of CPEs,
NEPEs, and government, respectively [29-32].

<1> The average expected return of CPEs is expressed as:

Ei= xE11 + (1 — X)E12 (1)

where E1; is the average return of a CPE when it chooses joint operation; Ey; is the average
return of a CPE when it chooses non-joint operation, which can be obtained as follows:

Ey1 = ]/Z(Rl —Ci+ A1) —|-]/(1 — Z)<R1 — Cl) + (1 —y)Z(Rl —C1+ Al) + (1 —]/)(1 — Z)(Rl — C1) 2)

Epp =yz(B1 — F) +y(1-2)(B1 — b)) + (1 —y)z(=F1) + 1 —y)(1 —z)(=F1) (3)

According to the Malthusian dynamic equation, the replication dynamic equation for
CPEs is:

Fl(x) =dx/dt = X(En — E]) = x(l — X)(Eu — ElZ) = X(l — x)(F1 —Ci+R1+A1z— Bl]/) 4)

When y= (F; — C; + Ry + Aj2z)/By, Fi(x) = 0, in which case x can take any value,
and the CPE’s strategy choice is in a stable state.
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When y< (F; — Cy + Ry + A1z)/By, F{(0)> 0, F{(1)< 0, in which case x = 1 is an
evolutionary equilibrium point, and the strategic choice of the CPE is joint operation.

When y> (F; — C; + Ry + A1z)/By, F{(0)< 0, F{(1)> 0, in which case x = 0 is the
evolutionary equilibrium point, and the strategic choice of the CPE is non-joint operation.

Based on the assumption mentioned earlier (F;): The environmental cost and clean
transformation cost caused by carbon emissions of the CPE will increase if it chooses non-
joint operation. Therefore, it can be concluded from the above analysis that by reducing the
additional operating cost incurred by the CPE, increasing the additional operating income
through joint operation, or increasing additional subsidies provided by the government
under the strict supervision, it is possible to make x tend to 1 [26,33].

<2> Similarly, the replication dynamic equation for a NEPE can be obtained as follows:

FB(y) =dy/dt = y(Ea — E2) = y(1 —y)(E21 — Ex2) = y(1 —y)(F2 — C2 + Ro — Box + Azz) (5)

when x= (F, — C; + Ry + A»z) /By, F>(y)= 0, in which case y can take any value, and the
NEPE'’s strategy choice is in a stable state.

When x< (F, — C; + Ry + Apz) /By, Fj(0)> 0, Fj(1)< 0, in which case y = 1 is an
evolutionary equilibrium point, and the strategic choice of the NEPE is joint operation.

When x> (F, — Cy + Ro + Apz) /By, F5(0)< 0, Fj(1)> 0, in which case y = 0 is the
evolutionary equilibrium point, and the strategic choice of the NEPE is non-joint operation.

Based on the assumption mentioned earlier (F;): the cost of power loss caused by the
intermittent and difficult consumption of the NEPE will increase if it chooses non-joint
operation. Therefore, from the above analysis, it can be concluded that by increasing the
additional operating income and cost of the NEPE through joint operation, or increasing
additional subsidies provided by the government under the strict supervision, can make y
tend to 1.

<3> The replication dynamic equation for government can be obtained as follows:

F3(z) = dz/dt = z(E3 — E3) = 2(1 — z)(Es1 — E32) = 2(1 — 2)(Cgy — Cg + Rexy)  (6)

When y = Cq¢/(Rsx + Cg), F3(z)= 0, in which case z can take any value, and the
government’s strategy choice is in a stable state.

When y > Cy/ (Rsx+Cyg), F{(0)> 0, Fj(1)< 0, in which case z = 1 is an evolutionary
equilibrium point, and the strategic choice of the government is strict supervision.

When y < Cg/ (Rsx+Cq), F5(0)< 0, F5(1)> 0, in which case z = 0 is an evolutionary
equilibrium point, and the strategic choice of the government is loose supervision.

From the above analysis, reducing the strict supervision cost of government for a
NEPE choosing non-joint operation, and increasing social welfare after joint operation can
cause z to tend to 1.

(@ Stability analysis of evolutionary games

The Jacobian matrix ] of system F;(x), F,(y), F3(z) in this article is obtained by partial
derivation of F;(x), F2(y), F3(z) respectively, as shown in Equation (7).

JOF (x

ho ) LS P 2 (1—2x)(F — Ci + Ry + A1z — Byy) —x(x—1)(—By) —x(x —1)A;
J=\|h s Jo| = |%® %W A0~ ~y(y ~1)(~B2) (1-2y)(F — Ca + Ry — Byx + Agz) —y(y - 1A )
Iz Js Jo agiz) ag(ﬁ BS(ZZ) —z(z = 1)(Rsy) —2(z —1)(Cg + Rsx) (1 —2z)(Cgy — Cg + Rexy)

According to Lyapunov indirect method, the stability of the eight pure strategy equilib-
rium points in the evolutionary system is analyzed. If all the eigenvalues of the equilibrium
point are negative, then the equilibrium point is the system evolution stability strategy
(ESS). If at least one eigenvalue is greater than 0, it is an unstable point. If there is an
eigenvalue that is 0, the equilibrium point is a saddle point.

By setting the evolutionary game system F; (x), F»(y), F3(z) equal to 0 simultaneously,
we obtain eight equilibrium points, namely (0, 0, 0), (0, 0, 1), (0, 1, 0), (0, 1, 1), (1, 0, 0), (1, 0,
1), (1,1, 0), and (1, 1, 1). The stability analysis of the eight pure strategy equilibrium points
is shown in Table 3.
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Table 3. Stability analysis of equilibrium points in game system.

Eigenvalue
Equalization Point Symbol Result
M Az A3

Eq (0, 0,0) F-Ci+Ry E-CG+Ry —Cg (+, + ) unstable point
Ez(O, 0, 1) FF-C+Ri+4A F—-C+Ry+ Ap Cg (+ +, +) unstable point
E3(0,1,0) FF—-Ci+Ry—B; —FK+C,—Ry 0 (—,—,0) saddle point
E4(0,1,1) FF—-Ci+Ri+A;—B; —FE+C,—Ry— Ay 0 (+,—,0) saddle point
Es5(1,0,0) -F+C —Ry F,b—Cy+Ry—By —C, (=, + -) unstable point
E¢(1,0,1) —-F+C —R— A Fb—Cy+Ry—By+ Ap Cq (=, ++) unstable point
E7(1,1,0) —F+C{—R;+ B —-FE+C—Ry+ By R; (=, —,+) unstable point
Eg(l,l,l) —-F+C—R1—A1+B —FK+C—Ry+By,— Ay —Rg (=, —, -) ESS

Based on the above assumptions, it can be seen from Table 3 that Ej, E4, E7 have
positive eigenvalues, which are unstable points. E3, E4 have an eigenvalue of 0, which is a
saddle point. Therefore, Ey, E3, E4, Eg, Ey cannot be the evolutionary stability strategy in
this article. We will analyze E;, Es, Eg separately [34-36].

<1> According to Table 3, the Jacobian matrix of the system at E1(0,0,0) is:

FF—Ci+ Rk 0 0
J= 0 FE—-C+Ry 0 (8)
0 0 —Cq

To make E;(0,0,0) as an asymptotically stable point, Equation (8) needs to be satisfied
M=F-C+Ri<0, A =F—-C+Ry<0,A3 = —Cg< 0. To meet F; — C; + R1<0
and F, — C + Ry < 0, it requires increasing the costs and reducing the additional operating
income of joint operation, reducing the cost of CPE’s clean transformation and the cost of
NEPE’s power loss, which are obviously unreasonable. Therefore, the situation will not be
discussed.

<2> For the equilibrium point E5(1,0,0), the Jacobian matrix is:

—-F+C — Rk 0 0
J= 0 F—C+Ry,—Bp 0 )

Similarly, to make E5(1,0,0) an asymptotically stable point, Equation (9) needs to be
satisfied Ay = —F; +C; —R1<0,A2 = K, — G + Ry — B2< 0, A3 = —C¢< 0. It requires in-
creasing the additional cost when an NEPE chooses joint operation, increasing the spillover
benefits to the CPE caused by NEPE choosing joint operation while CPE chooses non-joint
operation, and reducing the additional operating income and the cost of power loss in
joint operation of NEPE, which are unreasonable, too. Therefore, the situation will not
be discussed.

<3> For equilibrium point Eg(1, 1, 1), the Jacobian matrix is:

FF+Ci—Ri—A1+B 0 0
J= 0 —FB+C —Ry+B,— Ay 0 (10)
0 0 —Rg

If Equation (10) satisfied Ay = —F; +C; — Ry — A1 + B1<0, A = —hL +C — Ry +
By — A< 0, A3 = —Rs< 0, then Eg(1, 1, 1) is an asymptotic stable point. This indicates
that when the sum of the additional operating income of the CPE, the environmental
costs caused by the CPE’s carbon emissions, and the additional subsidies provided by the
government are higher than the sum of the additional operating cost of the CPE and the
spillover benefits of the NEPE, as well as when the sum of the additional operating income
of the NEPE, the cost of power loss of the NEPE, and the additional subsidies provided by
government are higher than the sum of the additional cost of the NEPE and the spillover
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benefits of the CPE, the strategy combination evolution will be stable at Eg(1, 1, 1). This
achieves the Pareto optimal state of “CPE choosing joint operation, NEPE choosing joint
operation, and government implementing strict supervision”.

4. Simulation Analysis

To further explore the problem, this article conducts numerical simulation analysis,
using MATLAB for the Pareto optimal state combination mentioned above, in order to
verify the effectiveness of evolutionary game stability analysis and the sensitivity of each
agent to parameters [24,28,33,34,37,38].

4.1. Evolutionarily Stable Strategy

Under the condition of satisfying the parameter setting conditions of Pareto opti-
mality, this article considers the actual situation and relevant expert opinions compre-
hensively, and the initial values of the parameters are as follows: R;= 2, Ry= 4, Rs= 3,
C1=2,C=1,Ce=4, A1=3, Ay=2, Bi= 3, Bo= 3, F;= 2, = 3. The above parameters
are brought into the tripartite game evolution system, and numerical simulation analysis is
conducted with MATLAB R2021a software. The results are shown in Figure 2.

—*—NEPE B
—+—— Government

Figure 2. Parameter evolution simulation results.

Figure 2 illustrates the evolutionary trend in the tripartite game under joint operation,
where it can be seen that the initial NEPE had a stronger inclination to choose joint operation
due to the low-cost supervision value of the CPE. The government initially preferred a loose
supervision strategy, and as the other two entities” willingness to choose joint operation
increased, the government’s willingness to choose a strict supervision strategy is also
increased. When the NEPE evolved to joint operation, the government’s rate of choosing
strict supervision was faster than that of CPE choosing joint operation. Figure 2 shows
that the system ultimately tends towards the ideal state of (1, 1, 1), where the CPE chooses
joint operation, the NEPE chooses joint operation, and the government implements strict
supervision, indicating the validity of the conclusion.

4.2. Influence Mechanism of Parameter Changes on System Evolution

In order to enable the CPE, the NEPE and the government to make the above strategic
choices to promote the maximization of social welfare, it is necessary to further analyze the
influencing factors of their decision-making and the mechanisms of the system’s evolution
under the influence of various parameters.

@ The influence of additional operating incomes of the CPE and the NEPE through
joint operation on system evolution:
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Assign R1= 2,4,6, Ry= 1,3, 5, respectively, as shown in Figures 3 and 4.

//é R1=2
/ —— - R1=4
21 A 5 + R1=6
5 I3
+
/
0.8 / i T
/ +
2 +
0.6 N |
/ f 4
, 4%
0.4 T
i
+
0.2 .
+

Figure 3. The influence of the additional operating income of the CPE choosing joint operation.

R2=1
et - ——'R2=3
‘ A + Res5

Figure 4. The influence of the additional operating income of the NEPE choosing joint operation.

Figure 3 shows that with the increase in additional operating income that the CPE can
obtain through joint operation, its willingness to choose joint operation becomes stronger,
and government is more willing to choose strict supervision.

Figure 4 shows that with the increase in additional operating income that the NEPE can
obtain through joint operation, its willingness to choose joint operation becomes stronger,
and the government has a greater willingness to choose strict supervision.

Therefore, increasing the additional operating income of the CPE and the NEPE
after joint operation can promote the probability of joint operation between the CPE and

the NEPE.
@ The influence of additional cost of CPE and NEPE through joint operation on

system evolution:
Assign C1=4,6,8, C,=1, 3,5, respectively, as shown in Figures 5 and 6.



Energies 2024, 17, 4553

10 of 17

Cl=4
g ———-C1=6
+ Ci=8
1.
0.8
0.6
o S+ ¥ TF o

Figure 5. The influence of the additional cost of the CPE choosing joint operation.

C2=1

Figure 6. The influence of the additional cost of the NEPE choosing joint operation.

Figure 5 indicates that as the additional cost is paid by the CPE for joint operation,
its willingness to choose non-joint operation becomes stronger, and the willingness of the
government to choose strict supervision will decrease.

Figure 6 indicates that as the additional cost is paid by the NEPE for joint operation, it
is more willing to choose joint operation, and the government is more willing to choose
strict supervision.

Therefore, by reducing the additional cost of the CPE and the NEPE after joint opera-
tion, it can promote both of them to choose joint operation. In probability, the reduction in
additional cost after joint operation will make the willingness of the NEPE to choose joint
operation stronger.

(® The influence of the additional subsidies provided by the government to CPE and
NEPE under joint operation on system evolution:

Assign A1=1,4,7, A,=1,4,7, respectively, as shown in Figures 7 and 8.
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Figure 7. The influence of additional subsidies provided by government to the CPE under JOCN.
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Figure 8. The influence of additional subsidies provided by government to the NEPE under JOCN.

Figure 7 shows that with the increase in additional subsidies provided by government
to CPE under joint operation, its willingness to choose joint operation becomes stronger,
with the probability of joint operation being greatly increased by subsidies from the start.
The willingness of government choose strict supervision will also increase.

Figure 8 shows that with the increase in additional subsidies provided by government
to the NEPE under joint operation, it has a stronger willingness to choose joint operation,
and government has a greater willingness to choose strict supervision.

Therefore, by increasing the additional subsidies provided by the government to the
CPE and the NEPE under joint operation, it can encourage them to choose joint operation,
and the effect of subsidies will make CPE’s willingness to choose joint operation stronger.

@ The influence of spillover benefits caused by the CPE or the NEPE encourages them
to choose non-joint operation, but the other choice is not part of the system evolution:

Assign B1= 1, 3,5, Bo= 1,3, 5, respectively, as shown in Figures 9 and 10.
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Figure 9. The influence of spillover benefits of the CPE choosing non-joint operation, but not
the NEPE.
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Figure 10. The influence of spillover benefits of the NEPE choosing non-joint operation, but not
the CPE.

Figure 9 indicates that as CPE chooses non-joint operation, the spillover benefits to the
CPE caused by the NEPE choosing joint operation will increase. The willingness of the CPE
to choose non-joint operation is stronger, and the decrease is significant. The government is
more likely to choose loose supervision.

Figure 10 indicates that as the NEPE chooses non-joint operation, the spillover benefits
to the NEPE caused by the CPE choosing joint operation will increase. The willingness of
the NEPE to choose non-joint operation will decrease, and the possibility of the government
choosing strict supervision will also decrease.

Therefore, by reducing the spillover benefits to the CPE or the NEPE, one will choose
non-joint operation, but the other not can be encouraged to participate in the joint operation
of the CPE and the NEPE.

® The influence of environmental cost and the cost of power loss caused by CPE or
NEPE chooses non-joint operation on system evolution:
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Assign Fi=2,5,8, F,= 2,5, 8, respectively, as shown in Figures 11 and 12.

//i F1=2

- ——--F1=5

= / 4 + F1=8
+

Figure 11.
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0.4

0.2

Figure 12. The influence of the cost of power loss of the NEPE choosing non-joint operation.

Figure 11 shows that as the CPE chooses non-joint operation, the environmental cost
and clean transformation cost caused by its carbon emissions will increase. The willingness
of the CPE to choose joint operation is stronger, and the government is more likely to
choose strict supervision.

Figure 12 shows that as the NEPE chooses non-joint operation, the cost of power
loss caused by its intermittent and difficult consumption will increase. The willingness
of the NEPE to choose joint operation and the government to choose strict supervision
will increase.

Therefore, it can be concluded that as the environmental cost and the cost of power loss
continue to increase for the CPE, or the NEPE chooses non-joint operation, the probability
of the CPE and the NEPE choosing joint operation will increase.

(® The influence of social welfare changes when both the CPE and the NEPE choose
joint operation upon system evolution:

Assign Rs= 1,3, 5, as shown in Figure 13.
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Figure 13. The influence of social welfare when both the CPE and the NEPE choose joint operation.

Figure 13 indicates that as both the CPE and the NEPE choose joint operation, social
welfare increases, the CPE’s willingness to choose joint operation is stronger, and the
government has a greater willingness to choose strict supervision.

Based on the analysis, the improvement of social welfare brought about by joint
operation between the CPE and the NEPE will continue to promote the probability of
government support for joint operation.

@ The influence of the cost under government strict supervision to order an NEPE
that chooses non-joint operation to rectify upon system evolution:

Assign C¢= 1, 3,5, as shown in Figure 14.

Figure 14. The influence of the cost under government strict supervision to order an NEPE that
chooses non-joint operation to rectify.

Figure 14 shows that as the government orders a NEPE that chooses non-joint op-
eration to rectify under strict supervision, the cost will increase. It will lead to a lower
willingness of the CPE to choose joint operation, and a lower willingness of the government
to choose strict supervision.
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Therefore, the increase in strict supervision cost by the government will reduce the
probability of the government supporting the joint operation.

5. Conclusions and Countermeasure Suggestion
5.1. Conclusions

Regarding the problem of joint operation, this article constructs a tripartite evolution-
ary game matrix for the CPE, the NEPE and the government, obtains replications of the
dynamic equations and Jacobian matrices, analyzes the stability strategy of the agents and
the game system’s equilibrium combination, and uses the MATLAB R2021a simulation to
analyze the parameter sensitivity [19,24,31,32]. The main conclusions are as follows:

(D The evolution of strategies among the three agents in the game is influenced by other
game participants, and the joint evolution of them determines the optimal evolution. The
optimal equilibrium strategy is for the CPE and the NEPE to choose joint operation under
government supervision. The benefit and loss brought by strict supervision and subsidies
of the government, as well as the different strategies of cooperation and competition, affect
the evolutionary equilibrium.

@ The main factors affecting the CPE choosing joint operation are the additional oper-
ating income in the joint operation, the additional operating cost of low-carbon production,
and the government’s environmental supervision intensity. The greater the additional
operating income, the greater the government’s environmental supervision intensity; and
the lower the additional operating cost of low-carbon production, the more likely the CPE
chooses joint operation.

(® The main factors affecting the NEPE choosing joint operation are the additional
operating income in the joint operation, the additional operating cost, and the government’s
additional subsidy intensity. The greater the additional operating income, the lower the
additional operating cost, and the greater the government’s additional subsidy intensity,
the more likely NEPE chooses joint operation.

(® Whether the government takes supervision depends on the balance of its benefits
and costs. When the government’s benefits from supervision exceeds its cost, govern-
ment supervision is economically justified. Otherwise, the government chooses loose
supervision. The rise of social welfare makes the government more inclined to create a
supervision policy.

5.2. Countermeasure Suggestion

In order to promote the joint operation of the CPE and the NEPE, based on the above
conclusions, the following recommendations are proposed:

(® To enhance the profitability of the enterprises in joint operation and encourage
technological innovation, the research findings show that the additional operating income
level in the joint operation is an important factor affecting the game equilibrium. Currently,
the profitability level of the CPE is generally higher than that of the NEPE, but there is a
downward trend. Government subsidies can only be balanced in the short term; therefore,
it is necessary for the NEPE to improve its comprehensive profitability level through
technological innovation to better promote the optimal combination of JOCN.

@ Fulfil the role of government supervision and guiding function, because the strict su-
pervision and additional subsidy of the government are also important factors affecting the
game equilibrium. When the market cannot spontaneously form the optimal equilibrium,
it is necessary to fulfil the role of the government’s “visible hand” to formulate and issue
supporting policies such as environmental tax subsidies and risk sharing incentives, and
guide the establishment of a complete ancillary service market. However, the government
may experience a situation of “failure” due to a decrease in social welfare and excessive
supervision cost.

® To promote the flexibility and energy-saving transformation of CPE, it is neces-
sary for the government to provide reasonable compensation to the enterprise undergo-
ing flexibility transformation to guide investment, in order to reduce the environmental
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and clean transformation cost of the CPE. The problem of excessive cost of power loss
for the NEPE can be solved by developing distributed generation, which requires the
government to establish a long-term mechanism and stabilize the market credibility of
distributed generation.
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