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Abstract: Choosing new energy vehicles for travel, especially electric vehicles, is an important
component of building a low-carbon urban transportation system. However, the charging need
of electric vehicle users is still constrained by the unreasonable layout and insufficient supply of
public charging piles in cities. Private charging pile sharing, as an alternative policy tool, can play a
beneficial role in solving this problem. However, it needs decision-makers in urban transportation
to take corresponding measures to promote. This paper constructs an evolutionary game model to
study the decision behavior of participants in a private pile-sharing platform. Through numerical
simulation analysis, it is found that under most parameter conditions, the government tends to
establish a shared charging pile platform based on public interests. Private charging pile owners are
influenced by the relationship between the cost of supply modification and revenue, and they tend to
join the shared platform when they expect to recover the modification cost. The research conclusions
of this paper will provide support for exploring how participants make decisions to maximize overall
benefits in the development of low-carbon urban transportation.

Keywords: shared private charging pile; low-carbon urban transport; evolutionary game; policy making

1. Introduction

With the growth of global environmental concerns and the energy crisis, many coun-
tries have established “double carbon” targets that require cross-border and global col-
laboration on energy revolution and industrial transformation [1]. In the realm of urban
transportation, low-carbon development is a significant trend, and sustainable travel is be-
ing encouraged. New energy vehicles, particularly electric vehicles, can be widely adopted
to reduce vehicle emissions. The establishment of low-carbon urban transportation systems
is crucial for energy conservation and emission reduction [2].

While more and more owners of new electric vehicles are choosing to install charging
stations in their private parking spaces, some do not have their own parking spaces or
necessary installation conditions and must use public charging stations. The growing
demand for charging infrastructure, particularly charging stations, is being met with
accelerated construction [3]. Despite the rapid growth of public charging stations, issues
related to their layout and inadequate supply can deter potential electric vehicle purchases
due to fears of charging difficulties [3].

Private charging pile sharing can effectively utilize idle charging resources, enhance
the economic efficiency of private charging piles, and facilitate the green and low-carbon
development of urban transportation [4]. Private charging piles are typically only utilized
1–2 times per week on average [5]. However, private pile sharing can accommodate an
additional 10–15 cars, significantly alleviating the scarcity of charging infrastructure in
cities [3].
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To promote the private pile-sharing model, decision-makers in the development of
low-carbon urban transportation need to involve various stakeholders and formulate
policies, along with the construction of sharing platforms, to achieve optimal social benefits.
This study uses evolutionary game theory to develop a model that considers the interest
relationship between charging pile owners and decision-makers of the sharing platform
in the private pile sharing mode. The aim is to analyze the behaviors of both parties and
explore how they can make decisions that maximize overall benefits for the development
of low-carbon urban transportation. Through this analysis, the study provides insights into
how the participants can work together to achieve mutual gains in this emerging market.

2. Literature Review

Private charging pile sharing is an emerging solution to address the insufficient supply
of public charging infrastructure for electric vehicles. Many researchers and industrial
engineers are currently studying this problem [6]. The research can be divided into three
main areas, based on different aspects.

Currently, the rise in electric vehicle usage has led to the emergence of a novel model
for private charging pile sharing. Numerous scholars have conducted research on the
associated issues within this model. Wang et al. emphasized the impact of risk on private
charging pile owners and the role of service quality in benefit distribution. They proposed
an improved Shapley value model that considers the contributions and risks of different
stakeholders, enhancing multi-party cooperation [7]. However, determining reasonable
pricing for charging pile sharing remains unresolved. Zhao et al. adopted a non-cooperative
game model to consider the charging behavior of electric vehicle consumers and determine
the shared price of charging piles [8]. They also constructed a bilateral bargaining game
model, based on Rubin’s rotating bargaining game, to account for information asymmetry
among private charging pile owners, electricity retailers, and electric vehicle users. They
found that there is no solution to the unilateral bargaining between the private charge
pile owner and the electricity retailer or the EV user. Private charge pile owners need to
combine the unilateral pricing of electric selling companies and EV owners to determine the
optimal price through further derivation [9]. Chen et al. proposed a hierarchical scheduling
model for electric vehicles with shared charging piles. This model utilizes upper-level and
lower-level scheduling to determine the charging time and location of electric vehicles,
respectively. A sharing capacity model based on the generalized Nash game is employed
to determine the sharing scheme of private charging piles. The distinguishing factors
between charging stations and shared charging piles in terms of their provision of charging
services are analyzed and identified [10]. Fu et al. proposed a peer-to-peer (P2P) private
charging pile-sharing system based on blockchain technology. They conducted a case
study in Shanghai’s Lujiazui business district to verify the system’s applicability. The study
revealed that private EV charging piles were more popular than public charging piles [11].

The current research primarily focuses on the allocation of costs and benefits associated
with private charging station sharing, as well as case studies of countries providing charging
services [12,13]. However, there is a lack of analysis regarding the behavior of private
charging station owners who participate in sharing programs. This aspect of research
can serve as a valuable reference for analyzing shared parking space behavior. With the
rise in car ownership, the search for available parking spaces has become increasingly
challenging, leading to the emergence of shared parking as a viable solution. Yan et al.
conducted a declarative selection experiment to understand the tendency of parking space
owners to participate in shared parking under different conditions. Their findings indicate
that various factors, including socio-demographic characteristics, contextual variables,
income levels, and psychological concerns, play significant roles in shaping the willingness
of parking space owners to participate in platform-based shared parking programs [14].
Xiao et al. built on parking management research and proposed an auction-based shared
parking space market behavior model that considers the impact of expected regret on
participants’ bids. Results show that the normative goal and the combination of gain and
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economic goals are identified as preferred objectives for the shared parking auction market.
To promote sustainable development, it is recommended to set a market entry threshold
to exclude certain participants, and guide participants towards adopting preferred goals,
thereby reducing welfare loss [15]. These studies have thoroughly analyzed the decision-
making psychology of various stakeholders and the potential role that government can
play in shaping it, providing a valuable reference for the research focus of this paper.

Additionally, the evolutionary game model utilized in this study is a well-established
approach in the field of decision-making research for government and enterprise. For
instance, the implementation of this method has demonstrated favorable outcomes in the
realm of low-carbon development [16,17]. Zhao et al. proposed a tripartite evolutionary
game theory to investigate the behavior strategies of power grid enterprises, banks, and
governments in low-carbon grid technology innovation cooperation [18]. Zou et al. in-
troduced evolutionary game theory and constructed a dynamic evolution tripartite game
model, with universities as suppliers of low-carbon technologies, enterprises as demanders,
and the government as the promoter and regulator. The study revealed the interaction
between different actors and the influence of initial participation intentions on government
participation [19]. Liao et al. explored effective carbon tax mechanisms in the post-subsidy
era by establishing the evolutionary game between local governments and automakers.
They conducted an empirical analysis based on China’s actual situation and an optimal
carbon tax mechanism, and the parameter sensitivities were analyzed and compared in
different scenarios by using evolution analysis [20]. Cao et al. proposed a pricing strategy
for electric vehicle charging operators and analyzed the dynamic evolution process between
electric vehicle users and charging operators in Shanghai. They conducted a sensitivity
analysis of factors affecting the system’s evolution and equilibrium [21]. Zhang et al. ap-
plied evolutionary game theory to study policy choices in the waste battery-reuse supply
chain, considering information asymmetry and limited rationality among government,
manufacturer, and consumer participants. They established an evolutionary game model
that includes echelon utilization and remanufacturing choices, revealing the balance in
government support, echelon utilization, and consumer participation [22].

3. Models
3.1. Model Assumptions and Symbol Definition

The traditional game theory based on the assumption of perfect rationality makes it
difficult to obtain reliable conclusions because of the complex socio-economic environment
and decision-making problems. Evolutionary game theory has emerged as a superior
analytical tool for finite rational games. It is based on the principles of biological evolution
and posits that individuals within a group can attain a stable dynamic equilibrium by
engaging in processes such as imitation, learning, and mutation to develop an evolutionary-
stable strategy. Therefore, this paper constructs an evolutionary game model to study
the game phenomenon between the platform party and the charging pile owners in the
establishment of the charging pile sharing platform, assuming that the platform is invested
in and built by the government.

The government decision is divided into two policymaking options, active and inactive.
In active policymaking, two policy perspectives, support and regulation, are considered.
For government support, two policy instruments are introduced in the model; namely, the
government establishes a sharing platform and gives subsidies to charging pile owners
for the platform. Establishing a sharing platform can improve the efficiency of travelers in
finding shared charging piles, which is conducive to improving the overall utilization rate of
charging piles. On the other hand, direct subsidies are given to the owners of charging piles
participating in the sharing platform as support. The government’s regulatory measures
are perceived as punitive, with a management fee imposed on charging stations that do
not participate in the sharing platform. There is no proactive policy option to maintain the
status quo, leaving charging station owners to decide whether or not to join the sharing
platform. The following assumptions are made for the game scenario:
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(1) Assume that both the government and the owners of charging piles are finite rational,
and both can make the evolutionary game of sharing charging piles reach a stable
state through self-learning, and assume that the government-led sharing platform can
reduce the idle rate of charging piles through optimal resource allocation and bring
feedback benefits to the owners of charging piles.

(2) The government has two strategies, “active” and “inactive”, and the proportions of
choosing the two strategies are x and (1 − x), respectively, x ∈ [0, 1].

(3) Charging pile owners have two strategies, “participation” and “non-participation”,
and the proportions of choosing the two strategies are y and (1 − y), respectively,
y ∈ [0, 1].

R denotes the social revenue enhancement brought by the overall charging pile utiliza-
tion rate of the society, and G denotes the stable revenue level of the charging pile owner
when operating the charging pile normally. Although the charging pile is not saturated, in
general, the utilization rate of the local area is not high, and the idle rate of the charging pile
is considered as p, where two high and low idle rates, i.e., Pl , Ph,, exist. The loss caused by
the complete idleness of the charging pile is L. The investment used for the transformation
of the charging pile to access the platform is I. Therefore, the evolutionary game payment
matrix is shown in Table 1.

Table 1. Payment matrix for both parties involved in the game.

Owners
Platform Side—Government

Active Not Active

Participation (R− ∂A− βS, G + ∆G + βS− I) (−Pl E, G + ∆G− Pl L− I)

Non-participation (R + γF− ∂A− Pl E, G− Pl L− γF) (−E, G− PhL)
R—Social benefits from increased utilization of charging piles. A—Cost of establishing the sharing platform.
S—Cost of platform subsidy. F—The management fee levied by the government. G—Revenue level of charging
pile owners’ operation. ∆G—Increased revenue from the participation of charging pile owners in the sharing
platform. P—Charging pile idle rate, for low idle, for high idle. L—Idle loss of charging pile owners. I—The
transformation cost of charging pile access to the platform. E—Social benefit loss of charging pile idleness. ∂, β,
γ—Intensity factor of platform construction, subsidy, and management costs.

3.2. Replication Dynamic Equation Building

u represents the expected benefit of the strategy. up
Gun

G represents the expected
benefit when the government undertakes an active policy and the expected benefit when
the government undertakes an inactive policy. uG represents the average expected benefits
when the government chooses different strategies. ui

C represents the expected benefit
when the charging pile owner adopts the participation strategy; uk

C represents the ex-
pected benefit when the charging pile owner adopts the non-participation strategy, and uC
represents the average expected benefit when the charging pile owner chooses different
strategies. According to the description of the payment matrix, the expected benefits of the
two behavioral choices of active and inactive government policies are as follows:

up
G = y(R− ∂A− βS) + (1− y)(R + γF− ∂A− PlE)

un
G = y(−PlE) + (1− y)(−E)

The average benefit of government decisions is

uG = xup
G + (1− x)un

G.

The expected benefits of the charging pile owner’s decision are

ui
C = x(G + ∆G + βS− I) + (1− x)(G + ∆G− Pl L− I)

uk
C = x(G− Pl L− γF) + (1− x)(G− PhL).
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The average benefit of charging pile owner decisions is

uC = yui
C + (1− y)uk

C

According to the basic idea of the replication dynamic model proposed by Taylor and
Jonker [23], the probabilities, x and (1 − x), that the government chooses the strategies of
“active” and “inactive”, and the probabilities, y and (1 − y), that the charging pile owner
chooses the strategies of “participation” and “non-participation” are both functions of time,
t. The replication dynamic equation can be employed to depict how a strategy behavior’s
frequency of selection changes dynamically within a population over time. The replication
dynamic equation of a single population can be expressed as:

dzi
dt

= zi[ f (z)i − f (z)]

zi represents the frequency at which strategy i is selected; f (z)i represents the expected
return when strategy i is adopted, and the average expected return when the whole
group chooses different strategies. Accordingly, the replication dynamic equation of the
government decision is

dx
dt

= x[up
G − uG] = x(1− x)[R+γF− ∂A− PlE + E + (2PlE− βS− γF− E)y]

The replicated dynamic equation for the charging pile owner’s decision is

dy
dt

= y[ui
C − uC] = y(1− y)[∆G− Pl L− I + PhL + (2Pl L− PhL + βS + γF)x]

Let B = R+γF− ∂A− PlE+ E, C = 2PlE− βS−γF− E, M = ∆G− Pl L− I + PhL,
N = 2Pl L− PhL + βS + γF, we can get dx

dt = x(1− x)(B + Cy), dy
dt = y(1− y)(M + Nx).

3.3. Analysis of Evolutionary Stabilization Strategies

Letting dx
dt = 0, while dy

dt = 0, we find the five equilibrium points of the system,

respectively: (0, 0), (0, 1), (1, 0), (1, 1), and
(
−M

N , −B
C

)
.

According to the replication dynamic equation, the Jacobi matrix, J, of the system is
obtained as

J =
[
(1− 2x)(B + Cy)

y(1− y)N
x(1− x)C

(1− 2y)(M + Nx)

]
.

According to the stability theorem of differential equations, the evolutionary stabiliza-
tion strategy is stable to smaller disturbances, and the derivative of dx

dt must be less than
0. If the determinant of the matrix J meets Det(J) > 0, and the trace of the matrix meets
Tr(J) < 0, the point is a local asymptotically stable immobile point, i.e., the evolutionary
stabilization strategy (ESS). Five equilibrium points are brought into the Jacobi matrix, and
the results are shown in Table 2.

U =
−(B + C)(M + N) ∗ B ∗M

N2C
.

According to Table 2, further discussion of parameter values is necessary to determine
the determinants and trace values of the five equilibrium points. The research [14,24]
suggests that income plays a crucial role in sharing decision-making behavior. For charging
pile owners, it is imperative to evaluate whether adopting an access platform strategy will
yield benefits greater than equipment renovation costs. Based on Zhao’s analysis of private
charging pile pricing for sharing [8], it can be inferred that private owners can benefit
from sharing behavior under certain platform subsidies. Using ZigBee, 4G, and other
wireless technologies, charging piles realize charging pile positioning, charging pile charge
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and discharge control, and charging pile status monitoring by applying wireless data
transmission modules, acquisition modules, intelligent gateways, and other devices [24].
With the continuous advancement of charging pile networking technology, equipment
transformation costs will further decrease. Therefore, it is assumed that access to the
sharing platform by charging pile owners will result in increased benefits due to reduced
management costs, platform subsidies, and revenue. The total revenue generated from
management cost reduction, platform subsidies, and participation in the shared platform
exceeds the expenses incurred for charging pile transformation, denoted as ∆G− I + Pl L +
βS + γF > 0, i.e., M + N > 0.

Table 2. Jacobi matrix results of five equilibrium points.

Equilibrium Point DetJ TrJ

(0,0) B ∗M B + M

(0,1) −(B + C)M B + C−M

(1,0) −B(M + N) M + N − B

(1,1) (B + C)(M + N) −(B + C + M + N)

(x∗, y∗ ) U 0

On the other hand, from the perspective of overall social benefits, if the public cost paid
by the government to make positive decisions can maximize social benefits is considered,
that is, the value of PlE + R− ∂A− βS, i.e., B + C. According to Hu’s research [12], private
charging stations are currently utilized on average only 1–2 times per week, resulting
in low utilization rates. However, by adopting a private sharing model, an additional
10–15 vehicles can be serviced each week, leading to a decrease in idle charging station
rates and alleviating urban charging shortages. Fu’s research [11] also confirms that the
implementation of sharing models in Shanghai has increased the popularity of private
charging stations.

Therefore, it is assumed in this paper that positive decision-making will result in a
reduction of the idle rate of charging piles and facilitate an overall enhancement of social
benefits, denoted as PlE + R > ∂A + βS.

In addition, according to the analysis of the benefits of shared charging in research [25],
the partnership between actors (energy companies, terminal operators, platform providers,
and industrial groups) enables partners to collect huge sets of user data. This might serve to
better analyze EV markets, target specific customer groups, or develop other paid services.
Therefore, government subsidies for this model have significant social benefits. In terms of
subsidy funds, local governments are not burdened by sharing platform subsidies. Subsidy
policies have played a crucial role in promoting new energy vehicles, as evidenced by
China’s 13-year subsidy policy and its successful outcomes. It is assumed that the continuity
of this policy can cover the model’s evolution time. The values for each equilibrium point
are presented in Table 3 below.

Table 3. Stability of each equilibrium point.

Equilibrium Point DetJ TrJ Stability

(0,0) >0 >0 Unstable

(0,1) <0 To be determined Saddle point

(1,0) <0 To be determined Saddle point

(1,1) >0 <0 ESS

(x∗, y∗) >0 0 Center point
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4. Numerical Simulation Analysis of Four Evolutionary Game Models
4.1. Construction of System Dynamics Simulation Model

According to the modeling analysis of the strategic decisions of both the government
and the owner of the charging pile, the results of each party’s evolutionary game under
different conditions are given, using system dynamics (SD) to depict the evolution of the
game between the government and the owners of the charging posts. An evolutionary
game system dynamics model of the mixed strategies of the government and the owner of
the charging post was developed to characterize the long-term dynamic behavior of the
game relationship between the two players; it provides a simulation platform for studying
the evolution trend under different conditions and formulating practical countermeasures.

To further verify the strategy choices of both parties under different conditions, the
system dynamics model is used for simulation analysis. As a powerful tool to study
the dynamic problems of complex systems, system dynamics can effectively portray the
decision-making behavior of interested parties from a system perspective. In addition,
Vensim is an industrial-strength simulation software for improving the performance of
real systems. Vensim’s rich feature set emphasizes model quality, connections to data,
flexible distribution, and advanced algorithms. Vensim PLE software is widely adopted to
simulate the evolution of a game based on the SD simulation method [26]. In this paper, we
use Vensim PLE 6.3 software to establish an SD model of strategic materials cross-border
supply chain decision-making and conduct simulation analysis to explore the evolutionary
strategies among the subjects. According to the replication dynamic equation discussed
before, the SD model is shown in Figure 1.
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4.2. Simulation Results and Sensitivity Analysis for Different Scenarios

The initial conditions of the model are set as follows: the initial time is 0, the final
time is 12 months, and the time step is 0.0015625 [27]. According to the research [28,29],
based on the real situation and the assumptions of the model, the revenue level for the
owner-operated charging station is 100 units, the cost of retrofitting to connect the charging
station to the platform for network control and unified settlement is 60 units, the revenue
increase for the charging station owner’s participation in the sharing platform is 20 units,
the idle loss for the charging station owner is 150 units, and the social efficiency loss for the
idle charging station is 200 units. The government’s cost for building the sharing platform
is 80 units, the subsidy cost is 20 units, the management fee charged for the charging station
operation is 40 units, and the social efficiency gain from the charging station utilization
improvement is 150 units. The initial values for ∂, β, and γ are set to 1, while Pl and Ph are
set to 0.1 and 0.7, respectively [30,31].
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With the initial values input, the simulation results are shown in Figure 2. Under the
initial parameter conditions, both the platform operator (government) and the charging
station owner take active decisions, and a stable equilibrium point (1,1) is reached, which
is consistent with the rough analysis of evolutionary stability. Considering the intensity
factors ∂, β, and γ, and the charging station idle rate conditions, Pl and Ph, set in the
model, different game scenarios are discussed, and simulation analyses are conducted with
different parameter combinations based on the actual situation.
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(1) Sensitivity simulation for different cost intensity cases

As the proactive measures taken by the platform (government) require expenditure,
such as establishing a sharing platform and providing subsidies to platform users, the
cost of policymaking has a significant impact on government decision-making. Only
appropriate subsidies can stimulate the enthusiasm of charging station owners to join the
platform and not cause excessive financial pressure. Different cost intensities will directly
affect the value of A + βS− PlE− R. Therefore, it is necessary to discuss the values of the
intensity parameter. Situation 1 is the initial parameter and serves as a control. Situation 2
is set to twice the parameter level of Situation 1, where the cost level is higher. Situation 3 is
set when the cost level is lower. The value scenarios are shown in Table 4. The simulation
results are shown in Figure 3.

Table 4. Values of cost intensities in different scenarios.

Parameter Situation 1 Situation 2 Situation 3

∂ 1 2 0.5

β 1 2 0.5
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As can be seen from the results, when the cost intensity increases significantly, the
government’s strategy choice changes (indicated by S2), shifting from an active decision
to an inactive one. This indicates that cost changes have a significant impact on decision-
making, and the formulation of this policy puts significant pressure on the platform party’s
(i.e., the government) finances. On the other hand, changes in cost intensity do not alter the
decision outcome for the charging station owners, but a significant increase in cost intensity
can accelerate their participation rate in platform decision-making.

(2) Sensitivity simulation on the intensity of overhead costs of the platform party (government)

In the model design, within the game scenario where the platform (government) takes
an active decision but the charging station owner chooses not to, the management fee for
charging station operation is not exempted. γ is the intensity parameter for implementing
this decision, with γ = 2 representing a high management fee level and γ = 0.5 representing
a low management fee level, corresponding to scenarios 4 and 5 in Table 5, respectively.
The simulation results are shown in Figure 3, compared with the initial scenario 1. The
influence of different management fee levels on government policy choices is relatively
small. The main impact of government decisions is still the social benefits of the policy, and
the financial revenue generated by the management fee has a limited impact on decision-
making. The increase in management fee intensity will accelerate the rate of charging
station owners joining the sharing platform decision-making, reflecting the sensitivity of
charging station owner decisions to costs. The simulation results are shown in Figure 4.

Table 5. Values of overhead intensity of the platform party (government) in different scenarios.

Parameter Situation 1 Situation 4 Situation 5

γ 1 2 0.5
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(3) Sensitivity simulation on the idle rate of charging piles

The idle rate of charging piles reflects the actual usage of the charging piles. Personal
charging piles are often used 1–2 times a week and have a high idle rate. The overall idle
rate of charging piles in an urban area reflects the adaptation level of the overall charging
infrastructure configuration, and reducing the overall idle rate is also an important goal
for the charging pile platform operation to solve the uneven distribution of charging piles.
Setting scenario 6 as the high idle rate scenario and scenario 7 as the low idle rate scenario,
the idle rates are shown in Table 6, and the simulation results are shown in Figure 5. The
decrease in idle rate will also reduce the rate at which the government and charging pile
owners make joint decisions on platform sharing.

Table 6. Idle rate values for different scenarios.

Parameter Situation 1 Situation 6 Situation 7

Pl 0.1 0.3 0.1

Ph 0.7 0.9 0.3
Sustainability 2023, 15, x FOR PEER REVIEW 11 of 18 
 

 
Figure 5. Simulation results of the sensitivity of the system to the risk factor. 

(4) Sensitivity simulation on market development stages 

As many cities have already launched related shared charging station construction, 
the cost of charging station transformation will continue to change with the continuous 
maturity and progress of technology. Therefore, scenario 8 is designed for the later stage 
of the market, where the idle rate of charging stations enters the normal range, the shared 
charging station market tends to be saturated, and the cost of charging station operation 
and maintenance increases significantly. Scenario 9 represents the mature stage of the 
market, where the idle rate of charging stations enters the normal range, and the transfor-
mation cost gradually decreases to a certain level as the market size expands. Scenario 10 
represents the initial stage of the market, where personal charging stations grow rapidly, 
resulting in a rise in the overall idle rate of charging stations, and the shared charging 
station market is just starting, with high transformation prices. The coefficient values un-
der each scenario are shown in Table 7. 

Table 7. Coefficient values for different market development stages. 

Parameter Situation 8 Situation 9 Situation 10 𝜕 3 2 2 𝑃 0.3 0.3 0.5 

Under the condition that the idle rate enters the normal range, the adjustment of the 
decision-making behavior of both parties increases with the increase in retrofitting costs, 
leading to unstable fluctuations and making the game process difficult to control. It is 
challenging to obtain an evolutionarily stable strategy. Additionally, sensitivity simula-
tions for varying cost intensities indicate that the increasing costs of sharing platforms will 
expedite private charging pile owners’ decision-making to participate in shared charging 
piles. Furthermore, according to sensitivity simulations on idle rates of charging piles, a 

Figure 5. Simulation results of the sensitivity of the system to the risk factor.

(4) Sensitivity simulation on market development stages

As many cities have already launched related shared charging station construction,
the cost of charging station transformation will continue to change with the continuous
maturity and progress of technology. Therefore, scenario 8 is designed for the later stage
of the market, where the idle rate of charging stations enters the normal range, the shared
charging station market tends to be saturated, and the cost of charging station operation and
maintenance increases significantly. Scenario 9 represents the mature stage of the market,
where the idle rate of charging stations enters the normal range, and the transformation cost
gradually decreases to a certain level as the market size expands. Scenario 10 represents
the initial stage of the market, where personal charging stations grow rapidly, resulting in a
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rise in the overall idle rate of charging stations, and the shared charging station market is
just starting, with high transformation prices. The coefficient values under each scenario
are shown in Table 7.

Table 7. Coefficient values for different market development stages.

Parameter Situation 8 Situation 9 Situation 10

∂ 3 2 2

Ph 0.3 0.3 0.5

Under the condition that the idle rate enters the normal range, the adjustment of the
decision-making behavior of both parties increases with the increase in retrofitting costs,
leading to unstable fluctuations and making the game process difficult to control. It is
challenging to obtain an evolutionarily stable strategy. Additionally, sensitivity simulations
for varying cost intensities indicate that the increasing costs of sharing platforms will
expedite private charging pile owners’ decision-making to participate in shared charging
piles. Furthermore, according to sensitivity simulations on idle rates of charging piles, a
decrease in idle rates will reduce the decision rate of private charging pile owners to join
shared charging piles. The decision of private charging pile decision-makers is influenced
by two opposing factors. The simulation results are shown in Figure 6. When comparing S8
and S10, it was found that as the cost increases and the idle rate decreases, the stable state
of S10 joining the sharing platform changes to an unstable and fluctuating state, similar
to that shown in S8 in the figure. This reflects that changes in idle rates have a dominant
influence on decision-making.
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(5) Sensitivity simulation on the parameters of social benefits and charging post owners’
revenue levels

The social benefits reflect the improvement of the travel experience of electric vehicle
drivers and the carbon reduction benefits brought by some private car owners choosing to
purchase or replace their cars with electric vehicles, due to the overall increase in the use of
charging stations in the city. The quantification of this parameter needs to consider both
the overall development of electric vehicle travel and the overall social benefits brought by
the development of low-carbon transportation in the city. This is challenging to accurately
determine and is compared in two scenarios, high and low. Similarly, the normal revenue
level of charging station owners is also compared in two scenarios, high and low, with
the parameter values shown in Table 8. The simulation results, as shown in Figure 7,
demonstrate that as the social benefits significantly decrease, the government’s decision-
making changes from proactive to inactive. Conversely, the improvement of social benefits
accelerates the government’s decision-making process towards a more proactive approach,
reflecting the government’s consideration of overall social development. The decision of
charging station owners remains unchanged.

Table 8. Parameter values for social benefits and charging stake owners’ benefit levels in
different scenarios.

Parameter Situation 1 Situation 11 Situation 12

R 150 75 300

G 100 50 200
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(6) Sensitivity simulation on charging stake owners’ participation in a revenue-
sharing platform

The costs and benefits of participating in a sharing platform are important consider-
ations for charging station owners in making decisions from a business perspective. In
this study, we compared two scenarios: one where the benefits of participation increase
while costs remain unchanged (Scenario 13), and another where the benefits remain con-
stant while costs increase (Scenario 14). The parameter values used in the simulation are
presented in Table 9, and the simulation results are shown in Figure 8. When the bene-
fits of participation in the sharing platform increase, charging station owners accelerate
their decision-making process to participate. However, when the costs of retrofitting the
charging stations increase significantly, while the benefits remain unchanged, charging
station owners switch from a participation strategy to a non-participation strategy. The
government’s decision remains unchanged, but the speed at which it adopts an active
strategy increases when charging station owners switch to a non-participation strategy.
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Table 9. Parameter values of costs and benefits for charging station owners participating in the
sharing platform under different scenarios.

Parameter Situation 1 Situation 13 Situation 14

∆G 20 100 20

I 60 60 100

Figure 8. Simulation results of the sensitivity of the system to the costs and benefits of charging
station owners participating in the sharing platform.

In conclusion, the costs and benefits of participating in a sharing platform are critical
factors for charging station owners in making business decisions. As shown in our sim-
ulation results, charging station owners are more likely to participate when the benefits
increase. However, if the costs increase significantly, they may choose to opt out of the shar-
ing platform. These findings have important implications for policymakers and charging
station owners in promoting the adoption of electric vehicles and developing sustainable
transportation systems.

The Table 10 below illustrates the impact of each factor on the decision-making process
for both parties, based on a comprehensive sensitivity analysis.

Table 10. Influence of each factor on the decision-making of both sides of the game.

Influencing Factors

Impact on Decision-Making

Government Establish a
Sharing Platform

Private Charger Owners Join
the Platform

Platform construction cost Negative Positive

Government subsidy intensity Negative Positive

Idle rate Positive Positive

Overhead Positive (extremely limited) Positive

Social benefits Positive Negative(extremely limited)

Participation in shared
platform benefits Negative (extremely limited) Positive

Retrofit Cost Positive (extremely limited) Negative

The above analysis provides a more definitive conclusion regarding the impact of
individual factor changes and simultaneous changes in multiple acting factors on decision-
making for both sides of the game. Subsequently, we conducted further analysis to de-
termine which factor is dominant when two or more factors change simultaneously with
opposing effects.

The impact of simultaneous changes in government subsidy intensity and social
benefits on government decision-making was analyzed, taking into account their differing
effects (Table 11). Scenarios 15 and 16 were designed to compare against the baseline
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scenario, where the government’s decision shifts from positive to inactive, while keeping
other parameters constant and with a significant increase in subsidy costs. This is depicted
by line S15 in the figure, which aligns with the findings of our previous sensitivity analysis.
In scenario 16, a significant increase in the social benefit parameter results in a positive shift
of the decision, as depicted by line S16 in the Figure 9. The decision rate also increases,
compared to scenario 1, indicating that social benefit has a greater impact on government
decisions, even with equal multiplicative changes of both factors.

Table 11. Government subsidy intensity and social benefit values under different scenarios.

Parameters Scenario 1 Scenario 15 Scenario 16

β 20 40 40

E 200 200 400
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Figure 9. Simulation results of simultaneous changes in government subsidy intensity and
social benefits.

Three factors, namely participation platform revenue, idle rate, and retrofitting cost
with distinct roles, are selected to analyze their simultaneous impact on private charging
pile owners’ decision-making process (Table 12).

Table 12. Platform revenue, idle rate, and retrofit cost values for different scenarios.

Parameters Scenario 1 Scenario 17

∆G 20 40

I 60 120

Pl 0.1 0.3

Ph 0.7 0.9

Scenario 17 is designed to compare with the initial situation. With all other parameters
held constant and indicator values increased by a factor of two, private charging pile
owners exhibit a decreased rate of positive decision-making compared to Scenario 1’s initial
state, as depicted in line S17 in the Figure 10. This reflects the greater negative impact of
retrofitting costs on decision-making.
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5. Conclusions

As urban transportation advances towards environmentally friendly and low-carbon
solutions, the popularity of electric private cars is on the rise. However, the issue of un-
reasonable distribution and underutilization of charging stations has hindered residents’
choices for green travel. To address this problem, promoting a “private charging station
sharing” mode is necessary. In this article, a game theory model and a system dynamics-
based evolutionary simulation model are constructed to analyze the decision-making
benefits of both sides in the private pile-sharing mode, involving the charging pile owner
and the platform builder (government). We establish the evolutionary game payoff matrix
for both decision-making parties to derive the mathematical expressions of their expected
and average revenues. Based on the replication dynamic model, we formulate the replica-
tion dynamic equations for both parties and elucidate the functions of decision-making
and related factors. Finally, a system dynamics simulation model is developed to facilitate
computation and resolution. The model innovatively incorporates an intensity factor to
assign coefficients to relevant factors, thereby facilitating a more comprehensive analysis
of the influence weights of each factor and enabling multi-scenario evolutionary game
simulation. It combines the idle rate and platform cost level in an innovative way to pro-
pose an analysis of market development stages, making the model analysis dynamic and
providing strong support for government decision-making timing. In conjunction with the
actual development situation, a sensitivity analysis of external factors, such as government
subsidies and the advancement of private charging pile sharing technology, is conducted
to provide a comprehensive explanation of their impact mechanism and effect results on
decision-making behavior among game players, leading to the following conclusions:

(1) Shared charging piles are a feasible solution to alleviate the imbalance of vehicle pile
configuration, promote the low-carbon development of urban transportation, reduce
the idle rate of existing charging piles, and provide more convenient charging services
for urban electric vehicle users, which meets the interests of both the government and
charging pile owners. Both sides will weigh the benefits (including social benefits)
and costs of implementing the charging pile-sharing strategy to make decisions. A
shift from a proactive strategy to a non-proactive strategy by either side will accelerate
the decision of the other party.

(2) When ∆G− I + Pl L+ βS+ γF > 0, i.e., M + N > 0, and PlE+ R > ∂A+ βS, the com-
prehensive benefits of the charging pile owner joining the sharing platform strategy,
such as the management fee reduction, financial subsidies, and idle rate reduction,
exceed the charging pile modification expenses, and the social benefits brought by the
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government’s proactive decision-making are greater than the investment in building
the sharing platform, the system obtains an evolutionarily stable strategy. Under
this circumstance, both parties have the driving force to actively engage in charging
sharing platforms, which conforms to the pursuit of benefits by charging pile owners
and the maintenance of social public interests by the government.

(3) Policy decisions to improve the controllability of the strategic material cross-border
supply chain are affected by external factors such as international market prices and
international geopolitical situations. When the cost intensity increases significantly,
the government tends to adopt a non-proactive policy, but charging pile owners will
accelerate the decision to carry out supply chain integration. When the risk increases
significantly, it will also accelerate the rate at which the government and charging pile
owners carry out supply chain integration decisions. However, simultaneous signifi-
cant fluctuations in price and risk will make the decision-making behavior of both
parties unstable and difficult to control, and it is difficult to obtain an evolutionarily
stable strategy during the game process.

(4) The analysis indicates that simultaneous changes in government subsidies and social
benefits have a greater impact on government decision-making when compared to
the former alone. Three distinct factors, namely platform income, idle rate, and
retrofit cost, were identified as having an effect on the private charging pile owners’
decision-making process. When these three factors change simultaneously, retrofit
costs—acting as a negative factor—exert a more significant influence than the other
two. In cases where platform costs and idle rates undergo simultaneous changes, the
latter has a greater impact on private charging pile owners’ decision-making.

(5) The government’s ability to bear the financial expenditure required for policy formula-
tion determines the direction of government decision-making. When the government
tends to adopt a non-proactive decision, charging pile owners will adopt a supply
chain integration strategy to avoid the huge losses that may be caused by supply
chain interruptions. When the international market price of strategic materials is in a
stable operating state, it is the best time window for the government to implement
relevant policies.
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