. mathematics

Article

Evolutionary Game Analysis of Electric Vehicle Distribution
Entities with Shared Charging Facilities

Guangcan Xu L Jieyu Chen 1 Dennis Z. Yu 2*

check for
updates

Citation: Xu, G.; Chen, J.; Yu, D.Z.;
Liu, Y. Evolutionary Game Analysis of
Electric Vehicle Distribution Entities
with Shared Charging Facilities.
Mathematics 2024, 12, 3413. https://
doi.org/10.3390/math12213413

Academic Editors: Janez Zerovnik

and José Nifio-Mora

Received: 6 September 2024
Revised: 30 September 2024
Accepted: 29 October 2024

Published: 31 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yong Liu !

Chongqing Key Laboratory of Green Logistics Intelligent Technology, Chongging Jiaotong University,
Chongqing 400074, China; xgc@cqjtu.edu.cn (G.X.); chenjy@mails.cgjtu.edu.cn (J.C.);
liuyongcs@cqjtu.edu.cn (Y.L.)

2 The David D. Reh School of Business, Clarkson University, Potsdam, NY 13699, USA

*  Correspondence: dyu@clarkson.edu; Tel.: +1-(315)-268-6435

Abstract: This study investigates the evolutionary game dynamics among electric vehicle distribution
entities in the context of shared charging facilities, addressing the critical issue of inadequate charging
resources. To understand the behavior of different stakeholders under government incentive policies,
we develop an evolutionary game model involving a government department and two logistics
enterprises (A and B). Through stability analysis, we explore equilibrium conditions of evolutionarily
stable strategies (ESSs) for the tripartite evolutionary game. To ensure the robustness of our findings,
we conduct a MATLAB simulation analysis to validate the analytical results. Our findings highlight
that government subsidies, the costs incurred by logistics enterprises to share charging facilities, and
the additional distribution income derived from this sharing are critical in determining whether the
evolutionary game can achieve a stable equilibrium state. This research enables logistics companies
to optimize the use of charging resources, lower operating costs, and enhance delivery efficiency.
Additionally, government subsidy policies play a crucial role in encouraging logistics enterprises
to engage in charging facility sharing, thereby fostering the sustainable development of the entire
logistics industry. Based on these insights, the paper offers practical recommendations to further
promote the sharing of charging facilities in electric vehicle distribution.

Keywords: electric vehicle distribution; charging facility sharing; tripartite evolutionary game;
government incentive
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1. Introduction

In recent years, the rapid growth of urban distribution and rising consumer demand
have led to a significant increase in the number of delivery vehicles, contributing to esca-
lating environmental pollution in cities [1]. Among China’s “dual carbon” goals, which
include carbon peaking and carbon neutrality, the transportation sector is actively advanc-
ing energy conservation and emission reduction efforts. Promoting and adopting new
energy vehicles has become a critical strategic initiative to drive sustainable development
of the Chinese green economy [2]. The low energy consumption and low pollution charac-
teristics of electric vehicles offer a solution to the traffic-related pollution caused by the rise
in urban logistics, helping to address environmental concerns while promoting sustainable
development. Many logistics companies have implemented carbon reduction plans to
support “dual carbon” objectives and are increasingly integrating electric vehicles into
their operations.

By 2023, more than 320,000 new energy logistics vehicles have been added nation-
wide [3]. As the adoption of new energy vehicles, particularly electric vehicles, continues
to accelerate, the logistics distribution sector may face challenges related to insufficient
or unevenly distributed charging facilities, which can disrupt distribution operations [4].
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Currently, most charging stations are unable to meet the demands of new energy logistics
vehicles due to issues such as inadequate transformer capacity, site limitations, and other
constraints. Additionally, the limited availability of public fast chargers leads to extended
charging times, negatively impacting the operational efficiency of logistics companies [5].
Moreover, the acquisition cost of new energy logistics vehicles remains relatively high,
and the charging infrastructure is still underdeveloped [6]. There is a wide variety of
vehicle models with differing design parameters, making existing public charging facilities
often incompatible, which further exacerbates the shortage of effective charging options for
logistics fleets [7]. This lack of charging resources has significantly hindered the operational
efficiency and cost control of new energy logistics vehicles, becoming a major obstacle to
their broader adoption and implementation. Since each logistics enterprise has unique
infrastructure requirements, such as sites and equipment, optimizing vehicle allocation and
the sharing of charging facilities can significantly improve overall efficiency. For effective
electric vehicle distribution, it is crucial to identify the optimal number and locations of
charging stations and ensure reliable operation when power is available.

Sharing charging facilities among different logistics enterprises offers dual benefits. It
reduces the time spent searching for charging stations during distribution, thereby speeding
up operations, and it activates idle charging resources, maximizing efficiency. This study
examines the evolutionary process of charging facility sharing in electric vehicle logistics
distribution with government involvement. We develop a tripartite evolutionary game
model involving the government and two logistics enterprises to analyze the conditions of
their ESS and evolutionary trajectories. The study explores the impact of various factors
on the critical question of whether logistics enterprises should share charging facilities
and provides a rational basis for logistics enterprises to make informed decisions on
facility sharing.

2. Literature Review

The literature relevant to this study can be categorized into two main areas: research
on charging facilities and studies on government subsidy mechanisms within the context
of evolutionary game theory.

2.1. Research on Charging Facilities

In their study of electric vehicle charging facilities and sharing strategies, Chen et al. [8]
proposed a two-level mathematical model to optimize the location and capacity of charging
stations, deriving an optimal design that balances route selection with charging wait times.
Luo et al. [9] addressed the charging challenges of free-floating shared electric vehicles by
proposing a collaborative charging planning method that leverages the complementary
advantages of fixed stations and mobile charging vehicles to enhance efficiency and reduce
costs. Chen et al. [10] employed a multistage stochastic integer programming model to
assist governments in developing public vehicle charging networks, optimizing the location
and capacity of facilities within a constrained planning scope. Luo et al. [11] developed
an electric vehicle charging station location model to improve resource utilization in
sustainable cities. Lv et al. [12] proposed a planning scheme for electric vehicle charging
facilities based on an enhanced gray wolf optimization algorithm under V2G mode to
address the impact of charging loads on the secure and stable operation of the distribution
network and to improve the layout of charging infrastructure. Woo et al. [13] explored the
planning of electric vehicle charging facilities to provide high-quality charging services.

In the study of private charging pile sharing, Wu et al. [14] developed an asymmetric
evolutionary game model based on the investment costs and benefits of charging service op-
erators and private charging pile owners to analyze their sharing behavior. Huang et al. [15]
investigated the issues that arise from the configuration of the charging facility and pro-
vided an in-depth analysis of the sharing of the charging pile. To address capacity shortages
resulting from the mismatch between charging stations and electric vehicle charging loads,
Chen et al. [16] proposed a layered scheduling model that incorporates shared charging
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piles. Ji et al. [17] suggested strategies for sharing charging facilities to enhance the uti-
lization of electric bus charging stations. Wang et al. [18] applied an improved Shapley
value model to effectively distribute benefits in private charging pile-sharing projects,
easing the public charging infrastructure shortage. Yang et al. [19] employed a data-driven
microsimulation method to explore the potential of private household charging pile sharing
in Beijing, finding that it increases charging opportunities and reduces dependence on
public stations. Hu et al. [20] established a game theory model that allows consumers to
choose between private, public, and shared options, demonstrating through numerical
analysis that the sharing model offers a win-win solution for all stakeholders.

2.2. Government Subsidy Mechanism in Evolutionary Game

Evolutionary game theory analyzes the strategic behavior evolution of game partic-
ipants using replicator dynamics, a differential equation widely applied across various
fields. The replicator dynamic mechanism is extensively used in energy conservation,
environmental protection, strategy optimization, and cooperative innovation research [21].
Existing studies have demonstrated substantial and practical research on evolutionary
games, including government participation as a critical factor.

Zhao et al. [22] examined the influence of government subsidies on adopting new
energy vehicles, developing a three-stage evolutionary game model to analyze this effect.
Zhang et al. [23] explored a tripartite evolutionary game model involving the government,
manufacturers, and integrators from a risk society perspective, finding that increasing
government rewards and reducing costs can boost integrators” motivation within a flexible
logistics service supply chain. Luo et al. [24] constructed a tripartite evolutionary game
model incorporating the government, logistics enterprises, and environmental NGOs, high-
lighting the critical role of government in encouraging logistics enterprises’ participation.
Dong et al. [25] developed a tripartite evolutionary game model focusing on logistics green-
ing, including government, logistics enterprises, and users. Their research analyzed how
government subsidies and refinement measures influence the strategic choices of enter-
prises and users. Li et al. [26] investigated a tripartite game model of subsidy and penalty
mechanisms involving government, enterprises, and consumers, revealing the impact of
these mechanisms on participant behavior. Zhang et al. [27] analyzed the implementa-
tion of subsidy and penalty policies for sustainable transportation development, while
Wang et al. [28] explored the pivotal role of government policy intervention in promoting
the diffusion of low-carbon technologies through supply networks.

Yu et al. [29] constructed a tripartite evolutionary game model to assess the impact of
differential carbon tax policies and subsidy strategies on manufacturers. Yuan et al. [30]
developed an evolutionary game model involving government, enterprises, and consumers,
showing how varying levels of government regulation, innovation subsidies, and carbon
tax rates influence enterprise and consumer behavior. In a supply chain market context,
Guo et al. [31] examined the effects of government subsidies and green technology invest-
ments on manufacturers, governments, and consumers. Liu et al. [32] used evolutionary
game analysis to evaluate the impact of government subsidies on green suppliers and
manufacturers. Wang et al. [33] demonstrated through evolutionary game theory that
government subsidy strategies significantly influence participant selection, with subsidies
proving to be more effective than non-subsidy approaches. Finally, Sun et al. [34] studied
the crucial role of government subsidies in promoting the development and implementation
of recyclable green logistics packaging by logistics enterprises.

In summary, a review of the relevant literature reveals that the widespread adoption
and promotion of electric vehicles across various industries have been significantly driven
by robust national policy support and continuous advancements in research and devel-
opment. The government has implemented numerous incentives, including tax breaks,
subsidies, and infrastructure development, which have substantially lowered the costs
and risks for logistics enterprises adopting electric vehicles for distribution. Simultane-
ously, ongoing technological progress, particularly in battery technology and charging
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efficiency, has greatly enhanced electric vehicles” practicality and economic viability in
logistics distribution.

Evolutionary game theory, a powerful tool for analyzing the selection and evolu-
tion of strategy agents in complex systems, has provided significant insights in various
fields. Numerous scholars have applied evolutionary game models to study interactions
between governments, enterprises, and other stakeholders, investigating optimal strategies
under different reward and punishment mechanisms, policy interventions, and market
conditions. However, research on applying evolutionary game theory to the sharing of
charging facilities in the logistics distribution of electric vehicles remains limited. Most
existing studies focus on electric vehicle technology, policy incentives, and the construction
and management of charging facilities, with comparatively little attention given to how
logistics enterprises can enhance distribution efficiency and economic benefits by sharing
charging infrastructure.

To address this research gap and offer practical strategic recommendations for enter-
prises, this paper introduces an evolutionary game model to conduct a comprehensive
analysis of the strategic choices involved in sharing charging facilities among logistics
companies. Specifically, the study constructs an evolutionary game model involving the
government and logistics enterprises A and B to analyze the influence of various factors
on the choice of a charging facility-sharing strategy. Additionally, the paper conducts a
simulation study to validate the model’s effectiveness and proposes practical policy recom-
mendations and management measures. This study not only deepens the understanding of
charging facility sharing in electric vehicle distribution entities but also provides a theoreti-
cal foundation and practical guidance for governments to formulate more effective policies
and for enterprises to optimize their operational strategies, ultimately promoting the
sustainable development and widespread adoption of electric vehicle distribution models.

Through the research of this paper, we can not only deepen the understanding and
understanding of the sharing of charging facilities in the distribution of electric vehicles
in logistics enterprises, but also provide a solid theoretical basis and practical guidance
for the government to formulate more scientific and effective policies and provide a solid
theoretical basis and practical guidance for logistics enterprises to optimize their operation
strategies. Finally, we hope that through this study, we can promote the sustainable
development and wide application of an electric vehicle distribution mode and contribute
to the construction of a green, low-carbon, and efficient logistics distribution system.

3. An Evolutionary Game Theoretical Model
3.1. Problem Description

In the context of sharing charging facilities for electric vehicle distribution, the key
participants include a government department and logistics enterprises A and B. These
logistics enterprises, which rely on electric vehicles for distribution operations, may collab-
orate to form a charging facility-sharing alliance, thereby pooling their resources to share
charging infrastructure. The government department has the option to actively promote
this strategy by providing subsidies and incentives to the participating logistics enterprises.
The relationship between the three participants is illustrated in Figure 1.

Provide government subsidies Provide government subsidies
Government department

A

Provide social benefits

A
A

—» Logistics Enterprise A Logistics Enterprise B [€—

Sharing charging facilities

between enterprises

Figure 1. Relationship among the three participants.
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3.2. Model Assumptions and Notations

Based on the actual benefits of the participants and the principles of evolutionary
game theory, the following assumptions are proposed (with the understanding that all
parameters are positive values), the related parameters are defined in Table 1.

Table 1. Notations of the tripartite evolutionary game.

Notations

Definition

Ia(i:a,b)
Ta(i:a,b)

Pa(i:a,b)

Distribution revenue when party i does not share

The costs incurred by logistics enterprise i when charging facility sharing is not established among logistics
enterprises (including the expenses for locating charging facilities, the operation and maintenance of those
facilities, and the electricity costs for charging)

The risk cost that a logistics enterprise i needs to pay when choosing a sharing strategy

Charging facility operation and maintenance costs incurred when sharing strategies are reached between
logistics enterprises

The power purchase cost of charging facilities must be paid when sharing strategies are reached between
logistics enterprises

Cost allocation coefficient of logistics enterprise A when choosing a sharing strategy

Cost allocation coefficient of logistics enterprise B when choosing a sharing strategy

The additional distribution income obtained by the logistics enterprise i after sharing charging facilities among
logistics enterprises

The social benefits obtained when the government chooses to actively promote the strategy

The social benefits are obtained when the government chooses a negative promotion strategy. G > g by default
The cost of government expenditures to implement surveillance measures

Enterprises share the environmental benefits they bring to government

When the government adopts an active promotion strategy, it must pay sharing incentive subsidies to both
logistics enterprises

Subsidy allocation coefficient of logistics enterprise A

Subsidy allocation coefficient of logistics enterprise B

Assumption 1. Game Participants and Their Strategy Choices: The model involves a tripartite
game among logistics enterprises A, B, and the government. The strategy space for the logistics
enterprises consists of two options: {sharing, not sharing}. They form a charging facility-sharing
alliance to pool charging resources if they choose to share. If they decide not to share, each enterprise
maintains its charging facilities independently. The strategy space for the government is {active pro-
motion, negative promotion}, indicating whether or not to implement subsidy policies to encourage
enterprises to form sharing alliances.

Assumption 2. In the decision-making model for charging facility sharing, all three game partici-
pants are characterized by bounded rationality and aim to maximize their individual benefits. They
also possess learning abilities, making the game dynamic over time. Both logistics enterprises and
the government will continuously adjust their decisions based on the strategies chosen by all parties
and learn throughout the game process to arrive at their optimal equilibrium strategy.

Assumption 3. Assume that the probability of the government choosing the “positive promotion”
strategy is x (where 0 < x < 1), making the probability of choosing the “negative promotion”
strategy 1 — x. Regardless of whether the government opts to encourage enterprises to share charging
facilities actively or takes a passive approach to promote the sharing model, it incurs a cost D for
implementing supervisory measures. Sharing among logistics enterprises yields an environmental
benefit e for the government. Suppose that the government chooses to actively promote the sharing
model of charging facilities among logistics enterprises. In that case, it will gain social benefits G
but must also provide subsidies and incentives to these enterprises. Conversely, if the government
chooses to negatively promote the sharing model, it will gain social benefits g without incurring
expenses, such as subsidy measures.
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Assumption 4. Assume that the probability of logistics enterprise A choosing the sharing strategy
is y (where 0 <y < 1), meaning the probability of choosing the non-sharing strategy is 1 — y. If
logistics enterprise A opts to share charging facilities and joins the alliance, it can receive subsidies
from the government, provided that the government has adopted the active guidance strategy. If
neither party chooses the sharing strategy, there will be no charging facility-sharing alliance between
logistics enterprises, and the final income for logistics enterprise A will be 1, — T, + uL. If both
parties choose to share, logistics enterprise A will gain additional distribution revenue S, but must
bear the cost r(C + Q) associated with the sharing strategy. Conversely, if logistics enterprise A
decides not to share charging facilities, it will not receive the additional distribution revenue or
government subsidies available through the sharing model, and its income will remain at I, — T,.

Assumption 5. Assume that the probability of logistics enterprise B choosing the sharing strategy
is z (where 0 < z < 1), meaning the probability of choosing the non-sharing strategy is 1 — z.
Similar to logistics enterprise A, if logistics enterprise B opts to share charging facilities and join
the alliance, it can receive subsidies from the government, provided the government has chosen the
active guidance strategy, regardless of whether the other parties also decide to share. If no other
parties choose the sharing strategy, a charging facility-sharing alliance will not be formed, and the
final income for logistics enterprise B will be I, — Ty, + (1 — uL). If both parties decide to share,
logistics enterprise B will also gain additional benefits S;,. However, if logistics enterprise B decides
not to share charging facilities, it will not receive the additional distribution revenue or government
subsidies associated with the sharing model, and its income will remain at I, — Ty,.

Additionally, the necessary notation of our model is introduced in Table 1.

3.3. Modeling Framework

Based on assumptions and notations, the payoff matrix of the government, logistics
enterprise A, and logistics enterprise B can be obtained, as shown in Table 2.

Table 2. Payoff matrix for the government, logistics enterprises A and B.

Government Strategy Logistics Enterprise A Logistics Enterprise B Strategy Choice
Selection Strategy Choice Share z Not Shared 1—z
G+e—D-L
G-D-L
. Ii+S:—r(C+Q)— P+ puL
Sharing y IL+S,— (1—r) (C+Q)— Ia—Ta_—Pa+L
. . Py+(1—p)L b =T
Active promotion x
G-D-L G-D
Not sharing 1 —y I,—-T, ILi—T,
I,—T,—P,+L I, — Ty
g—D+e g—D
Sharing y Ii+S;—r(C+Q)— P, I,-T,—P,
. . I+S—(1-7)(C+Q)—D I =T,
Negative promotion 1 — x
§—D g—D
Not sharing 1 —y I, - T, I, — T,
I =Ty — B I =Ty

As shown in Table 2, when the government adopts a strategy of actively promoting
charging facilities, and both logistics enterprises A and B choose to share these facilities,
the government’s social benefit is denoted by G. The costs incurred for implementation
and supervision are represented by D, the environmental benefit by e, and the sharing
incentive subsidy provided to enterprises by L. Thus, the government’s net benefit is
calculated as G + e — D — L. For logistics enterprise A, its daily distribution income is
represented by I,. Since both enterprises opt for sharing, logistics enterprise A avoids
paying the non-sharing cost T, but incurs a risk cost P,, operational and maintenance
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costs rC, and power purchase costs rQ. Additionally, the enterprise receives an additional
distribution income of 5; and a government subsidy of uL. Therefore, the net income
of logistics enterprise A is I, + S, — r(C + Q) — P, + uL. Similarly, the daily distribution
income for logistics enterprise B is I;,. Like enterprise A, it avoids the non-sharing cost Ty,
and instead incurs risk costs P,, operational and maintenance costs (1 — r)C, and power
purchase costs (1 — r)Q. Logistics enterprise B also gains an additional distribution income
of S, and a government subsidy of (1 — u#)L. Hence, the net income of logistics enterprise B
isI, + S, — (1 —r) (C+ Q) — P, + (1 — ) L. In a similar manner, the benefits for the three
participants under different strategies can be derived accordingly.

Thus, the expected returns, expected average returns, and replicator dynamics equa-
tion for participants can be determined from the game payoff matrix. Let U, represent the
expected return for the government when it chooses the active promotion strategy. This
value is the weighted average sum of the government’s revenue when logistics enterprises
A and B choose among the four possible combinations of sharing and not sharing strategies.
U, is given by the following equation:

Uqg=yz(G+e—-D-L)+(1-y)z(G-D—-L)+y(1—-2) (G-D-1L) 1)
+(1-y)(1-2) (G-D)

The expected revenue when the government opts for the negative promotion strategy
is denoted as U,,. This represents the weighted average sum of the government’s revenue
when logistics enterprises A and B select among the four possible combinations of sharing
and not sharing strategies. The calculation for this scenario is provided below.

Ua=yz(g—D+e)+(1-y)z(g— D) +y(1—z) (§—D)

+(1-y) (1-2) (- D) =yze+g—D @

The government’s average expected revenue, U, is the weighted sum of its ex-
pected revenues when choosing either the positive or negative promotion strategy, as
shown below.

U =xUq+(1-x)Up=9—D+Gx—gx—Lxy— Lxz+eyz 3)

According to evolutionary game theory, the government’s replicator dynamic can be
obtained by the following differential equation:

F(x) = % = x(Uyy — Ue) = (1 - 2) (Usg — Up) W
=x(1-x)(G—g—Ly—Lz+ Lyz)

The expected revenue for logistics enterprise A when it chooses the sharing strat-
egy, denoted as Uy, is the weighted average sum of revenues considering the various
strategy combinations selected by the government and logistics enterprise B. This value is
provided below.

Up=xz(Ii+ S —r(C+Q)—P,+uL)+x(1—z)(I, — T, — P, +L)
+(1—x)z(Li+S; —r(C+Q)—P,)+(1—x) (1—2) (5)
(la —Ts — Pa)

The expected revenue for logistics enterprise A when it opts not to share, denoted as
U, is the weighted average sum of revenues based on the strategy combinations chosen by
the government and logistics enterprise B. This value is presented in the following equation:

Up=xz(I,—Ts) +x(1—2)(I, - Ts)+(1—x)z(I,— T,) + (1 —x)

(1-2)(1,—T) ©
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The logistics enterprise A’s average expected return, U,, is the weighted average
of its expected returns when it chooses either the sharing or non-sharing strategy, as
provided below.

U, = ]/uul + (1 - y)uaz
= I, — T; — Pay 4 Sayz + Tayz — rCyz — rQyz + Lxy — Lxyz (7)
+uLxyz

Therefore, the logistics enterprise A’s replicator dynamic is given by the following
differential equation:

F(y):iz:y(ual_ua):y(l_y) (ual_uaz) 8)
=y(1—y)(Sez — Ps+ Tz —rCz — rQz + Lx — Lxz + uLxz)

The expected revenue for logistics enterprise B when it chooses the sharing strategy is
denoted as Uy; . This represents the weighted average of revenues based on the combination
of strategies chosen by the government and logistics enterprise A. U can be given by

Up =xy(lb+S, —(1-r)(C+Q)—P,+(1—p)L)
+X(1—y) (Ib—Tb—Pb+L) (9)
+(1=x)y(ly+ S, — (1 =1)(C+ Q) — D)
+1-x)(1-y) (b —Tp— D)

The expected revenue for logistics enterprise B, when it opts for the non-sharing
strategy, is denoted as Uy,. This value represents the weighted average of revenues based
on the combination of strategies chosen by the government and the logistics enterprise A,
as outlined below.

Ups = xy(lp — Ty) + x(1 — y)(Ip — Tp) +(1 — x)y(I, — Ty) (10)
+(1—x) 1 —y)(I, — Tp)

The average expected return for logistics enterprise B is the weighted sum of its
expected returns when choosing between the sharing and non-sharing strategies, as
detailed below.

Up =zUp + (1 z)Up
=1Iy — Ty — Pz — Cyz — Quz + Spyz + Tpyz + rCyz +rQyz  (11)
+Lxz — uLxyz

Thus, the following differential equation can obtain the logistics enterprise B’s replica-
tor dynamic:

F(z) =% =z(U,; — Up) =2(1—z) (Up — Upp)
=z(1-2)(Spy+ Tpy — P, — Cy — Qy +rCy + rQy + Lx (12)
—puLxy)

4. Evolutionary Game Analysis
4.1. Solving ESS of the Tripartite Evolutionary Game

The evolutionary stable strategy (ESS) of the tripartite game involving the government
and two logistics enterprises can be solved and analyzed using the above replicator dynamic
equations, i.e., Equations (4), (8), and (12). Following Selten’s [35] conclusion, in a tripartite
evolutionary game, it is sufficient to focus on the analysis of pure strategies. By solving
F(x) = 0, F(y) = 0, and F(z) = 0, eight local pure strategy equilibria can be given
by E1(0,0,0), E(1,0,0), E3(0,1,0), E4(0,0,1), E4(0,0,1), E5(1,1,0), E¢(1,0,1), Ez(0,1,1),
and Eg(1,1,1).
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According to Friedman’s [36] method for determining equilibrium stability, the evo-
lutionarily stable strategy of the system can be derived through local stability analysis of
the system’s Jacobian matrix. By taking the partial derivatives of the replicator dynamic
equations F(x), F(y), and F(z) with respect to x, y, and z, the Jacobian matrix J of the
model can be obtained as follows:

ag(x) az;(x) ag(x)
X y Z
j= |2l ol ol (13)
dF(z) 9F(z) 9F(z)
ox a}/ 0z
where
al;(xx) =2x—-1)(g— G+ Ly+ Lz — Lyz) (14)
oF(x)
= Lx(x—1)(1-2z) (15)
oF(x) _ 11—
o = Lx(x=1)(1~y) (16)
agiy) =Ly(1—y)(uz—z+1) 17
81;;(1/]/) = (Zy—l)(Pa—Lx—SaZ—Tuz“‘rcz‘H’QZ_ﬂusz) (18)
aFT(zy) =y(1=y)(Sa+ To = rC = rQ — Lx + uLx) (19
oF(z)
5~ = Lz(1-2)(1 - py) (20)
31;;2) —2(1—2)(Sy— Q= C+ T +rC +rQ — pLx) (21)
oF
aiZ) = (22— 1)(P, — Lx — Spy — Tyy + Cy + Qy — rCy — rQy + uLxy) (22)

4.2. Equilibrium Stability Analysis

According to evolutionary game theory, an evolutionary stable strategy (ESS) exists
only if the eigenvalues of each equilibrium are all negative. Therefore, substituting the
eight equilibria into the Jacobian matrix (13), the corresponding eigenvalues are calculated,
as shown in Table 3. The sign of the eigenvalue A is then analyzed to determine the stability
of each equilibrium. We follow the tabular presentation format used by Zhang et al. [27]
in their evolutionary game study to present the equilibrium stability analysis results, as
shown in Tables 3-8.

Table 3. Eigenvalues of each equilibrium.

Equilibrium Eigenvalue A Eigenvalue A, Eigenvalue A3 Stability
E(0,0,0) G—g “p, -7, =)
E2(1,0,0) g—G L-P, L-D, (=*%)
E5(0,1,0) G-L-g P, S, =P —Q-C+Ty+rC+1rQ %
E4(0,0,1) G-L-g Sq—Py+T,—rC—1Q P, (*%+)
E5(1,1,0) L-G+g P—L L—C—Py—Q+S+Ty+rC+rQ—uL * 5%
E(1,0,1) L-G+g pL—Py+S,+ T, —C —rQ P, —L (*%%)
E7(0,1,1) G—-L-g P, =S, =T, +rC+rQ P+C+Q—-S,-T,—rC—-rQ (**%)
Eg(1,1,1) L-G+g P, =S, —T,+rC+rQ—puL P,+C+Q—-L—-S,—T, —rC—rQ+uL (**%)

Note: The eigenvalue with “+” sign is positive; the eigenvalue with “—” is negative; the eigenvalue with

“*” depends on the specific parameter values.
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Table 4. Stability analysis of Scenario 1.

Equilibrium Eigenvalue A; Eigenvalue A, Eigenvalue A3 Stability
E1(0,0,0) + - - Unstable
E»(1,0,0) - - - ESS
E3(0,1,0) -+ + -+ Unstable
E4(0,0,1) -+ -+ Unstable
E5(1,1,0) -+ + -+ Unstable
E¢(1,0,1) -+ -+ + Unstable
E;(0,1,1) -+ + + Unstable
Eg(1,1,1) -+ + + Unstable

Table 5. Stability analysis of Scenario 2.

Equilibrium Eigenvalue A4 Eigenvalue A, Eigenvalue A3 Stability
E1(0,0,0) + - Unstable
E»>(1,0,0) — + -+ Unstable
E3(0,1,0) — + -+ Unstable
E4(0,0,1) -+ — + 4 Unstable
E5(1,1,0) - - - ESS
Ee(1,0,1) -+ -+ + Unstable
E;(0,1,1) -+ — + 4 Unstable
Eg(1,1,1) -+ -+ + Unstable

Table 6. Stability analysis of Scenario 3.

Equilibrium Eigenvalue A4 Eigenvalue A, Eigenvalue A3 Stability
E1(0,0,0) + — — Unstable
E»(1,0,0) — —,+ + Unstable
E3(0,1,0) -+ + -+ Unstable
E4(0,0,1) + - + Unstable
Es5(1,1,0) -+ + ,+ Unstable
E¢(1,0,1) - - - ESS
E;(0,1,1) -+ + -+ Unstable
Eg(1,1,1) -+ + -+ Unstable

Table 7. Stability analysis of Scenario 4.

Equilibrium Eigenvalue A4 Eigenvalue A, Eigenvalue A3 Stability
E1(0,0,0) + — — Unstable
E»(1,0,0) — -+ -+ Unstable
E3(0,1,0) — + + Unstable
E4(0,0,1) — + + Unstable
E5(1,1,0) -+ -+ + Unstable
E¢(1,0,1) -+ + ,+ Unstable
E;(0,1,1) - - - ESS
Eg(1,1,1) + - - Unstable

Based on the above analysis, the eigenvalues of each equilibrium are calculated ac-
cording to the ESS equilibrium conditions, and the following scenarios can be obtained:

Scenario 1. When P, > L and P, > L, Table 4 shows that the eigenvalues corresponding to
E>(1, 0, 0) are negative. This indicates that the model has a stable equilibrium at E»(1, 0, 0),
where the corresponding stable strategy is (active promotion, not sharing, not sharing). The other
equilibria are unstable in this scenario.
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In this scenario, the government will opt for a positive promotion strategy when the
social benefits outweigh those from negative promotion measures. For logistics enterprises
A and B, if the risk costs associated with the sharing strategy are too high and the additional
distribution income and government subsidies are insufficient, both enterprises will choose
not to share. At this point, the decisions of all three parties converge towards a stable
equilibrium strategy.

Table 8. Stability analysis of Scenario 5.

Equilibrium Eigenvalue A4 Eigenvalue A, Eigenvalue A3 Stability
E1(0,0,0) + - — Unstable
E»>(1,0,0) — -+ -+ Unstable
E3(0,1,0) + + -+ Unstable
E4(0,0,1) + —,+ + Unstable
Es5(1,1,0) — -+ + Unstable
Ee(1,0,1) — + -+ Unstable
E;(0,1,1) + —,+ -+ Unstable
Eg(1,1,1) - - — ESS

Scenario 2. When the conditions G > L+ g, Py < Land P, +L+uL+C+Q > S, + T +
rC + rQ are satisfied, Table 5 shows that the eigenvalues corresponding to Es(1, 1, 0) are negative.
This indicates that the model has a stable equilibrium at Es(1, 1, 0), where the stability strategy is
(active promotion, sharing, not sharing). The other equilibria are unstable.

In this scenario, the government will opt for a positive promotion strategy when its
social benefits exceed those of the negative approach. Logistics enterprise A will choose
the sharing strategy if the government’s subsidy outweighs the associated risk costs. On
the contrary, logistics enterprise B will refrain from sharing if the required risk costs are too
high and the additional benefits from sharing are minimal. At this point, the choices made
by all three parties converge towards a balanced strategy.

Scenario 3. When G > L+ g, P, +rC+vQ > uL + S, + T, and P, < L, as shown in Table 6,
the eigenvalues corresponding to E¢(1, 0, 1) are negative. This indicates that the model has a stable
equilibrium at E¢(1, 0, 1), with the corresponding stability strategy being (active promotion, not
sharing, sharing). The other equilibria are unstable.

In this scenario, the government will opt for a positive promotion strategy if its social
benefits outweigh those of the negative strategy. For logistics enterprise A, the high risk cost
associated with sharing will lead to a decision not to share. Conversely, if the government
subsidy outweighs the risk cost for logistics enterprise B, it will adopt the sharing strategy.
At this point, the decisions of all three parties converge toward a balanced strategy.

Scenario 4. When the conditions G < L+ g, P, +rC+rQ < S+ T, and P, + C+ Q <
Sy + Ty + rC + rQ are satisfied, Table 7 shows that the eigenvalues corresponding to E7(0, 1, 1)
are negative. This indicates that the model has a stable equilibrium at E;(0, 1, 1), where the corre-
sponding stable strategy is (negative promotion, sharing, sharing). All other equilibria are unstable.

In this scenario, if the social benefits of the government’s positive promotion strategy
are lower than those of the negative strategy, the government will opt for a negative
promotion strategy. For logistics enterprises A and B, if the additional distribution income
from choosing the sharing strategy is substantial, both will choose to share. At this point,
the decisions of all three parties converge towards a balanced strategy.

Scenario 5. When the conditions G > L+ g, P, +rC+rQ < uL+ S+ T, and P, + C+ Q +
uL < L+ Sy + Ty, +rC +rQ are met, it is evident from Table 8 that the eigenvalues corresponding



Mathematics 2024, 12, 3413

12 of 21

to Eg(1, 1, 1) are negative. This indicates that the model has a stable equilibrium at Eg(1, 1, 1).
The corresponding stable strategy is (active promotion, sharing, sharing), while the other equilibria
are unstable.

In this scenario, if the social benefits derived from the positive promotion strategy
exceed the combined total of the social benefits from the negative strategy and the incentive
subsidies provided to enterprises, the government will opt for a positive promotion strategy.
For logistics enterprises A and B, if the additional distribution income and government
subsidies received from adopting the sharing strategy are sufficiently high, both enterprises
will choose to participate in the sharing strategy. Consequently, the choices of all three
parties will align towards a balanced strategy.

5. Simulation Study of the Tripartite Evolutionary Game

To provide a clearer understanding of the evolutionarily stable strategies (ESSs) among
government and logistics enterprises under varying conditions, MATLAB 2020a is utilized
to simulate the evolutionary trajectories of strategy selection for each party involved in
the game.

5.1. Evolutionary Trajectories of Different Scenarios

We provide a simulation study of the evolutionary trajectories under each scenario of
the analytical results obtained in Section 4.

Scenario 1. The simulation parameters are assigned as follows. I, = 50, I, =50, T, =5, T, =
5P, =20,P,=20,C=5Q=57r=0525,=10,5,=10,G=50,g=20,D =8, ¢ =
10, L = 16, and y = 0.5, while P, > L and P, > L are satisfied. The simulation results of the
evolutionary trajectories are illustrated in Figure 2.

Figure 2. Evolutionary trajectories of Scenario 1.

As shown in Figure 2, the final decision probabilities for logistics enterprise A, logistics
enterprise B and the government converge to (1, 0, 0). This outcome indicates that when
P, > L and P, > L, the government ultimately opts for active promotion. At the same
time, logistics enterprises A and B choose not to share charging facilities. Initially, both
enterprises opt to share the facilities, but as the costs of sharing become too high and the
additional income remains low, they gradually shift towards not sharing. At this point, the
stable strategy in the tripartite evolutionary game is (active promotion, not sharing, not
sharing), which confirms Scenario 1.

Scenario 2. The simulation parameters are assigned as follows. I, =50, I, =50, T, =5, T, =
5P, =15P, =20,C =5Q =5,r=05,5, =10,5, = 10,G =50,¢ = 20,D = 8,¢ =
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10,L =16,y = 05, when G > L+ g P, < Land P, +L+uL+C+Q > Sy + T, +rC +
rQ are met. The simulation results of the evolutionary trajectories are shown in Figure 3.
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Figure 3. Evolutionary trajectories of Scenario 2.

As illustrated in Figure 3, the final decision probabilities for logistics enterprise A,
logistics enterprise B, and the government converge to (1, 1, 0). This indicates that when
G>L+g P, <Land P,+L+uL+C+Q > S+ T, +rC+rQ, the government
ultimately opts for active promotion, logistics enterprise A chooses to share, and logistics
enterprise B opts not to share. As the game progresses, logistics enterprise A’s profitability
gradually increases, leading to enhanced government subsidies and reinforcing its decision
to share charging facilities. In contrast, logistics enterprise B, facing lower income and
minimal government subsidies, ultimately decides against sharing. At this point, the stable
strategy in the tripartite evolutionary game is (active promotion, sharing, not sharing),
confirming Scenario 2.

Scenario 3. We assign the simulation parameters as follows. I, = 50, I, = 50, T, =5, Tj, =
5P =20,P,=15C=5Q=5r=055,=10,5,=10,G=50,g=20,D =8,¢ =
10, L =16, and y = 0.5, while G > Ly + g, P, +rC +vQ > uL + S, + T, and P, < L are met.
The simulation results of the evolutionary trajectories are illustrated in Figure 4.

0.8

06
N 04 \"g
$ W
02 ) \:\«\\ \

0

7/

0.2

0.6

Figure 4. Evolutionary trajectories of Scenario 3.

As illustrated in Figure 4, the final decision probabilities of logistics enterprise A,
logistics enterprise B, and the government converge to (1, 0, 1). This occurs under con-
ditions where G > Ly, + g, Ps +rC+rQ > uL + S, + T,;, and P, < L. In this scenario, the
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government ultimately chooses an active promotion strategy; logistics enterprise A opts
not to share, while logistics enterprise B decides to share. Initially, logistics enterprises
A and B may share charging facilities. However, logistics enterprise A shifts away from
sharing as the game progresses due to low returns and limited government subsidies. On
the contrary, as the profitability of logistics enterprise B increases and government subsi-
dies grow, logistics enterprise B maintains its decision to share charging facilities. Thus,
the stable strategy in the tripartite evolutionary game is (active promoting, not sharing,
sharing), verifying Scenario 3.

Scenario 4. The simulation parameters are set as follows. I, = 50, I, =50, T, =5, T, =5, P, =
8P,=8C=5Q=5r=05S5,=155,=15G=50,g=35D=38,e=10,L =20,
and y = 0.5, while G < L+ g, P, +rC+rQ < S+ T, and P, +C+ Q < Sp + T +rC +
rQ are satisfied. The simulation results of the evolutionary trajectories are shown in Figure 5.

Figure 5. Evolutionary trajectories of Scenario 4.

As shown in Figure 5, the final decision probabilities of logistics enterprise A, logistics
enterprise B, and the government converge to (0, 1, 1). This outcome occurs when the
conditions G < L+ g, P, +rC+rQ < Sp+ Ty, and P, +C+Q < S+ T, +rC+rQ
are satisfied. In this scenario, the government ultimately chooses a negative promotion
strategy, while both logistics enterprises A and B opt for the sharing strategy. At this
point, logistics enterprises A and B experience lower costs and higher income, whereas the
government faces reduced income and increased subsidy expenditures. Consequently, as
time progresses, the income of logistics enterprises A and B continues to rise, leading them
to persist in sharing charging facilities. Meanwhile, the government maintains its choice
of negative promotion for sharing charging facilities among logistics enterprises. In this
case, the stable strategy in the tripartite evolutionary game (negative promotion, sharing,
sharing) verifies Scenario 4.

Scenario 5. We assign the following parameter values to the simulation. I, = 50, I, = 50, T, =
5T, =5P =8P =8C=5Q=5r=05S5 =1575,=15G =50,g =
200D =8,e=10,L =20, and y = 0.5, when G > L+ g, P, +rC+rQ < uL+ S, + T},
and Py +C+ Q+uL < L+ Sy + T, +rC +rQ are met. The simulation results of the evolutionary
trajectories are illustrated in Figure 6.

As shown in Figure 6, the final decision probabilities of logistics enterprise A, logistics
enterprise B, and the government converge to (1, 1, 1). This outcome occurs when the
conditions G > L+ g, P +rC+rQ < uL+ S, + Ty, and P, +C+ Q+uL < L+ S, +
Ty + rC + rQ are satisfied. In this scenario, the government ultimately chooses to actively
promote, while both logistics enterprises A and B adopt the sharing strategy. This situation
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typically arises during the mature stage of shared charging facilities between logistics
enterprises A and B. At this point, both enterprises incur lower costs and enjoy higher
returns. As government subsidies increase, the returns for logistics enterprises A and B
continue to rise, leading them to choose to share charging facilities consistently. In this case,
the stable strategy in the tripartite evolutionary game (active promotion, sharing, sharing)
verifies Scenario 5.

——  ———
RS == \\\\\\
S ‘x\\\\ N

Figure 6. Evolutionary trajectories of Scenario 5.

5.2. Impact of Cost Allocation Coefficient on Evolutionary Strategies

The impact of the cost allocation coefficient on logistics enterprises’ strategy selections
can be analyzed by changing the value of r in our simulation study. We set r to be 0.2,
0.5, and 0.8 while assigning other parameters as follows: I, = 50,1, =50, T, =5, T, = 5,
P, =8P=8C=5Q=5S5,=155,=15G =50,g =20,D =8,¢ =10, L = 20,
and y = 0.5. The resulting evolutionary strategies of the simulation study are depicted in
Figure 7.

Figure 7. The impact of the cost allocation coefficient.

As shown in Figure 7, when the cost allocation coefficient is low, logistics enterprise
A is more likely to choose cooperation, with its willingness to cooperate approaching 1
at a faster rate. This is primarily because a lower cost allocation coefficient means that
logistics enterprise A bears less of the cost for sharing charging facilities, making it more
inclined to reduce its own operating costs and enhance efficiency through sharing. The
low distribution coefficient allows logistics enterprise A to access shared facilities with a
smaller investment, effectively reducing its capital expenditure and operating costs for
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charging infrastructure. This, in turn, enhances its market competitiveness. Conversely, for
logistics enterprise B, the situation is the opposite. When the cost allocation coefficient is
high, logistics enterprise B must shoulder a more significant portion of the sharing costs,
which may exceed their financial capacity or expected returns, leading it to potentially
opt out of sharing to avoid additional expenses. The high-cost sharing method may
lead logistics enterprise B to incur expenses that outweigh the benefits it receives from
sharing, ultimately diminishing its willingness to participate. According to the evolutionary
game model, the cost constraints for logistics enterprises A and B can be expressed as
rC+rQ<uL+S,+T,—Pand (1—7r)C+ (1 —7r)Q < (1 —pu)L+ Sz + T, — Ps. These
inequalities represent the upper limits of costs that logistics enterprises A and B can bear,
given different cost allocation coefficients.

Additionally, research on the dynamic stability of supply chain costs reveals that
member firms have varying preferences for long-term versus short-term benefits, directly
influencing their cost allocation decisions. Suppose that a firm prioritizes the advantages of
long-term cooperation and sharing. In that case, it is more likely to opt for cooperation and
form an alliance quickly when the cost allocation coefficient is lower. However, logistics
enterprises A and B face different challenges depending on whether the cost allocation
coefficient is too large or too small. Specifically, if the cost allocation coefficient is too high,
logistics enterprise A may opt out of sharing the charging facilities, and logistics enterprise
B might also refrain from sharing due to the significant cost burden. Conversely, when
the cost allocation coefficient is too low, both parties may decide to share, but it may take
longer to reach a consensus and establish a stable alliance.

In summary, the cost allocation coefficient directly impacts the willingness of logistics
enterprises A and B to cooperate and their strategic choices. A lower cost allocation
coefficient facilitates the quick formation of a shared alliance, whereas a higher coefficient
may hinder both parties from reaching an agreement promptly.

5.3. Impact of Government Subsidies on Evolutionary Strategies

The impact of government subsidies on the strategy selections of logistics enterprises
can be studied by changing the value of L to be 10, 20, and 30 in our simulation analysis
while maintaining other parameters as follows: I, =50, I, =50, T, =5, T, =5, P, = 8,
P,=8C=50Q=57r=055,=155,=15G=50,g=20,D =8,¢=10,and u = 0.5.
The evolutionary strategies of the simulation results are shown in Figure 8.
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Figure 8. The impact of government subsidies.

As illustrated by the evolution results in Figure 8, government subsidies have a
substantial positive impact on the willingness of the two logistics enterprises to cooperate.
Specifically, when government subsidies are significant, the willingness to cooperate of
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both enterprises approaches 1 more rapidly, indicating a stronger inclination to collaborate.
This suggests that enterprises gain greater benefits and incentives with higher government
subsidies, accelerating consensus and fostering cooperation in sharing charging facilities.

However, the impact of government subsidies varies depending on their size. When
subsidies are too large, they might lead to a scenario in which enterprises receiving higher
subsidies choose the sharing strategy. At the same time, the government, which bears
the financial burden, may opt to reduce its promotion of charging facility sharing among
logistics enterprises. Excessive subsidies can cause businesses to become overly dependent
on government support, diminishing their motivation and initiative. On the other hand,
when subsidies are too small or non-existent, the incentive for businesses to cooperate
diminishes, as the economic benefits are insufficient to justify the collaboration. According
to the evolutionary game model, the range of government subsidies should be L < G — g.

Furthermore, the government’s approach to promote cooperation plays a crucial role.
Active measures, such as clear policies and technical support, can foster collaboration
between enterprises. However, if the government’s promotion efforts are vague or poorly
executed, the pace of cooperation may slow down. Thus, both government subsidies
and promotion strategies significantly influence the willingness of logistics enterprises to
cooperate. Government subsidies can mitigate the risks associated with participation in
shared charging facilities. For logistics enterprises, charging facility sharing represents a
new business model that entails certain uncertainties and risks. By providing financial
support, government subsidies can help alleviate these concerns, encouraging companies
to embrace this innovative approach to collaboration. Properly calibrated subsidies can
encourage cooperation, while overly generous or insufficient subsidies and inadequate
promotion strategies can impede the development of partnerships. Therefore, it is essential
for the government to carefully consider multiple factors when crafting policy measures to
ensure they are effective and adaptable.

Government subsidies are crucial in fostering cooperation between logistics enter-
prises, but their effectiveness is closely tied to the subsidy amount. Properly calibrated
subsidies can significantly boost the willingness of enterprises to collaborate and accelerate
their transition to cooperative arrangements. However, overly generous subsidies can
lead to an overreliance on government support, which diminishes the motivation and
initiative of the companies. Therefore, when designing subsidy policies, the government
must carefully balance the subsidy amounts to ensure mutual benefits for both enter-
prises and the government, ultimately promoting the sustainable development of shared
charging facilities.

5.4. Impact of Subsidy Allocation Coefficient on Evolutionary Strategies

We analyze the impact of the subsidy allocation coefficient on the logistics enterprises’
strategy selections by changing y value to be 0.2, 0.5, and 0.8, in the simulation when
assigning other parameters as follows: I, = 50,1, =50, T, =5, T, =5,P, =8, P, =8,
C=5Q=57r=0575,=155,=15_G=50,g =20,D =8,¢e =10, and L = 20. The
resulting evolutionary strategies of the game are illustrated in Figure 9.

As shown in Figure 9, an increase in the government’s subsidy allocation coefficient
significantly raises the likelihood of logistics enterprise A choosing to cooperate, with its
willingness to cooperate reaching total commitment more rapidly. This indicates that as the
government’s subsidy allocation increases, logistics enterprise A becomes more inclined
to collaborate, thereby speeding up the formation of a charging facility-sharing alliance.
However, the situation is reversed for logistics enterprise B. When the government’s subsidy
allocation coefficient is either too high or too low, logistics enterprises that receive more
substantial subsidies may opt to share charging facilities, while the other party, receiving
smaller subsidies, might choose not to share. This disparity can prolong the time required
for both logistics enterprises to establish a charging facility-sharing alliance. Therefore,
the government’s subsidy allocation coefficient plays a critical role in influencing the
cooperation willingness and pace of logistics enterprises A and B. Specifically, a higher
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subsidy allocation coefficient enhances logistics enterprise A’s willingness and speed
to cooperate. In contrast, logistics enterprise B demonstrates a stronger willingness to
cooperate but at a slower pace.

-—-0 u=0.2
pu=0.5
u=0.8

Figure 9. The impact of subsidy allocation coefficients on evolutionary strategies.

6. Conclusions

This research paper, grounded in evolutionary game theory, develops an evolutionary

game model to explore the sharing of charging facilities in the logistics distribution of
electric vehicles, incorporating the role of government as a key participant. Unlike previous
studies that focused solely on the decision-making of logistics enterprises, this paper intro-
duces the government’s influence, emphasizing the impact of government policy support
on the sharing of charging facilities. This approach aligns with sustainable development’s
current needs and realities in a green economy. The key findings are as follows:

1.

Flexible Government Subsidy Measures: The numerical simulation analysis reveals
that government subsidies can significantly foster collaboration among all parties
involved. Furthermore, an appropriately designed subsidy mechanism can help
sustain long-term evolutionary stability in cooperative efforts. Governments should
implement adaptive subsidy strategies at different stages of development. In the
initial phase of charging facility sharing, lenient subsidies are necessary to lower
the initial costs for logistics enterprises, thereby facilitating the rapid growth of
shared charging facilities. The government’s subsidy policy should be less than the
difference between the social benefits gained through the positive guidance strategy
and those achieved through the negative guidance strategy. As the sharing system
matures, the government should increase subsidies to encourage further investment
and maintenance of shared infrastructure. Additionally, rewarding enterprises that
actively participate in sharing can boost enthusiasm and accelerate the adoption of
shared charging facilities in electric vehicle logistics.

Increased Investment by Logistics Enterprises: Numerical simulation analysis reveals
that the lower the cost of sharing, the more willing logistics enterprises are to par-
ticipate. Specifically, when charging facilities are shared among logistics companies,
the additional revenue generated from distribution, the government subsidies and
incentives, and the costs incurred if no sharing alliance is formed must outweigh
the combined operation, maintenance, energy procurement, and risk-related costs
associated with sharing. As the sharing of charging facilities progresses, logistics enter-
prises must invest more in the construction and upkeep of these facilities. Challenges
such as insufficient facilities and poor location distribution may arise in the mature
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stage. Logistics enterprises should optimize the construction and maintenance of
charging facilities to ensure sufficient availability and strategic distribution. This will
enhance the willingness of logistics companies to share charging resources, ultimately
improving distribution efficiency and boosting customer satisfaction.

Enhanced Cooperation and Supervision: As the sharing of charging facilities advances
and the volume of logistics activities increases, the frequency of facility use will
also increase. To manage this, both the government and logistics enterprises must
strengthen their cooperation and establish robust supervision mechanisms. This
collaboration will ensure the rational use and maintenance of charging facilities,
support the smooth operation of electric vehicle distribution, and further promote the
widespread adoption of green distribution practices.

In conclusion, effective collaboration between government agencies and logistics en-

terprises is crucial for the sustainable development of shared charging facilities in electric
vehicle distribution. This partnership not only contributes to achieving energy conservation
and emission reduction goals and fostering a green economy but also provides essential sup-
port for logistics enterprises in enhancing operational efficiency and customer satisfaction.

7. Future Research Directions

In future research on the evolutionary game of charging facility sharing among logistics

enterprises, with the government as a key participant, several factors can be explored to
enrich the analysis:

1.

Geographical Diversity: The geographical environment and infrastructure conditions
vary significantly across different regions, impacting the sharing behavior of logistics
enterprises. Future studies should examine how factors like urban versus rural energy
distribution affect strategic decisions regarding charging facilities.

Regional Energy Price Discrepancies: Fluctuations in energy prices directly influence
operating costs. Future research should account for regional variations in energy
prices and their effect on charging facility sharing. For instance, regions benefiting
from lower energy costs due to policy incentives might see increased participation in
shared facilities.

Dynamic Demand Volatility: The logistics industry is characterized by fluctuating
demand, driven by unexpected events or seasonal changes. Future studies should
incorporate dynamic demand variability into models of charging facility sharing to
better predict and respond to shifts in logistics needs.

Varying Company Sizes: Logistics enterprises differ in size and resources, which
influences their strategic choices regarding charging facilities. While large companies
may have greater access to funding and technology, smaller firms may rely more
on government subsidies or partnerships. The impact of these differences should
be analyzed.

Fleet Size Diversity: The size of vehicle fleets affects charging facility requirements.
Larger fleets may necessitate more infrastructure, while smaller fleets may have
more flexibility in utilizing existing facilities. Future research should explore the
implications of fleet size on charging behavior.

Sources of Funding: Logistics enterprises access funds through various channels,
including self-financing, bank loans, and government subsidies. Different funding
sources can shape investment and operational strategies. For example, companies
that depend on government subsidies may be more inclined to collaborate on the
development of charging infrastructure.

Technological Innovation: Advancements in technology play a vital role in optimizing
logistics operations. Future studies should investigate how innovations such as big
data and artificial intelligence can enhance the efficiency of charging facility sharing
and management.

Competition: The competitive behavior of logistics enterprises in charging facility
sharing is another important factor. Competition could influence the layout and
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efficiency of charging infrastructure. Future research should explore how competitive
dynamics affect sharing strategies and outcomes.

9.  Public-Private Partnerships (PPPs): Public-private partnerships are becoming increas-
ingly common in the development and operation of charging infrastructure. Future
studies should assess how PPP models can foster cooperation between governments
and businesses to optimize charging facility sharing.

By considering these factors, future research can develop more sophisticated and realistic
evolutionary game models, providing deeper insights into the dynamics of charging facility shar-
ing among logistics enterprises and offering practical guidance for sustainable development.
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