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Abstract

The promotion of shore power is a key pathway for reducing port-related emissions and
achieving sustainable maritime development. This study analyzes the strategic interac-
tions among governments, ports, and shipping companies by constructing a tripartite evo-
lutionary game model. Specifically, it addresses three core questions: (1) how stakehold-
ers’ initial intentions and strategic choices influence the system’s evolutionary path and
eventual equilibrium; (2) how critical parameters—including subsidies for shore power
infrastructure, wind turbine installation, and ship retrofitting, as well as electricity price
support, carbon pricing, and policy implementation costs —shape the dynamics of the sys-
tem and the equilibrium strategies of the three parties; and (3) how heterogeneity in na-
tional energy mixes, particularly the roles of wind turbine, affects decision-making behav-
iors across different countries. Simulation experiments are conducted to explore the effects
of varying policy interventions and energy conditions on the stability of cooperative strat-
egies. The results provide insights into the design of differentiated policy instruments that
promote shore power adoption while accounting for the structural characteristics of na-
tional energy systems. This research enriches the theoretical application of evolutionary
game theory to maritime sustainability and offers practical guidance for governments and
stakeholders in advancing decarbonization in the port and shipping sectors.

Keywords: shore power; wind power; evolutionary game; subsidy policy; carbon trading
policy

1. Introduction

The decarbonization of the maritime sector has become an urgent global priority. The
greenhouse gas (GHG) emissions of total shipping have increased from 977 million tons
in 2012 to 1076 million tons in 2018 (9.6% increase). The share of shipping emissions in
global anthropogenic emissions has increased from 2.76% in 2012 to 2.89% in 2018. Emis-
sions are projected to increase from about 90% of 2008 emissions in 2018 to 90-130% of
2008 emissions by 2050 under the business as usual (BAU) scenario [1]. Ports and coastal
regions are particularly affected by ship emissions, which not only exacerbate climate
change but also contribute to local air pollution, threatening human health and regional
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sustainability [2]. Among the available mitigation measures, the adoption of shore
power—supplying ships with electricity while at berth—has been recognized as a prom-
ising approach to reduce reliance on fossil fuel-based auxiliary engines and achieve sub-
stantial emission reductions [3]. However, the large-scale promotion of shore power is
constrained not only by retrofitting costs but also by policy and market uncertainties, such
as electricity price volatility and the need for coordinated multi-instrument support (e.g.,
subsidies, electricity price support, and carbon pricing) [4].

Existing research on shore power has largely focused on technological feasibility,
cost-benefit analysis, and policy evaluation. For example, studies have examined the eco-
nomic viability of port-side power facilities, the environmental benefits of replacing ma-
rine fuel with grid electricity, and the effectiveness of subsidies and carbon pricing in sup-
porting adoption. While these studies provide valuable insights, they often rely on static
analysis and fail to capture the dynamic strategic interactions among governments, ports,
and shipping companies. In practice, stakeholders continuously adjust their strategies in
response to policy interventions, cost changes, and market signals. This adaptive process,
shaped by bounded rationality and learning over time, requires a dynamic analytical
framework to better understand the conditions under which cooperative strategies
emerge and persist.

Evolutionary game theory provides a suitable approach to model such interactions
[5], as it incorporates the adaptive behaviors of stakeholders, the role of initial intentions,
and the impact of varying policy parameters. By applying this framework, it becomes
possible to investigate how subsidies for shore power infrastructure, wind power devel-
opment, ship retrofitting, and electricity pricing—as well as carbon pricing and policy im-
plementation costs—influence the strategic evolution of stakeholders. Moreover, wind
power provides a cleaner electricity supply for shore power systems in many ports,
thereby substantially enhancing the emission-reduction benefits of shore power. For ex-
ample, ports such as Stockholm in Sweden [6], Rotterdam in the Netherlands [7], and Se-
attle in the United States [8] use wind-generated electricity to supply shore power, ena-
bling berthed ships to replace onboard fuel-based generation with a lower-carbon alter-
native. However, given the diversity in national energy systems, particularly the varying
roles of wind power and oil industries and differences in electricity generation structures,
cross-country heterogeneity must also be considered to provide realistic and context-spe-
cific policy implications.

This paper aims to address three central research questions: (1) how do stakeholders’
initial intentions and strategy choices affect the evolutionary trajectory and final equilib-
rium of the system? (2) How do critical policy parameters—such as different types of sub-
sidies, carbon pricing, and policy costs—shape the strategic evolution of governments,
ports, and shipping companies? (3) How do variations in national energy mixes and in-
dustry structures influence the decision-making processes of the three parties?

To answer these questions, we construct a tripartite evolutionary game model, con-
duct simulation analyses, and provide policy recommendations tailored to differentiated
national contexts. The key innovation of this study lies in integrating wind-power spillo-
ver effects and carbon-pricing synergy mechanisms into a unified tripartite evolutionary
game framework, thereby elucidating how heterogeneity in energy structures influences
the mechanisms driving shore power promotion.

The remainder of this paper is organized as follows. Section 2 reviews the relevant
literature. Section 3 develops the tripartite evolutionary game model. Section 4 presents
simulation experiments and results. Section 5 concludes with key findings and policy im-
plications.
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2. Literature Review

This section reviews two categories of literature: (1) studies related to shore power;
(2) the government’s carbon trading policies.

2.1. Studies Related to Shore Power

Against the backdrop of the global shipping industry’s green transition, shore power,
as a key emission reduction technology [9], has attracted widespread attention. Relevant
studies have been continuously advanced around its environmental benefits, economic
benefits, and the impact of promotion policies. The following is a detailed review of the
existing literature.

Yin et al. [10] pointed out that the use of shore power not only reduces carbon emis-
sions but also generates considerable social and economic benefits. It is estimated that the
use of shore power can reduce the emissions of SOz, NOx, and PM:s during the period
when ships berth at ports, with annual reductions of 6.0 tons, 11.0 tons, and 0.8 tons, re-
spectively [11]. The promotion of shore power systems relies on complex interactions and
strategic choices among three core entities: governments, ports, and shipping companies.
Small-scale ports hold significant potential for the development of shore power. Govern-
ments can focus on supporting small-scale ports to achieve the dual goals of environmen-
tal benefits and cost-effectiveness, while enhancing the ports’ competitiveness and social
responsibility [12]. To standardize the implementation of ship shore power, the govern-
ment should guide shipowners and ports to sign cooperation agreements in order to en-
hance their willingness to use it [13]. For ports and shipping companies, large-scale recon-
struction requires investments that cannot be recovered in the short term. The more sub-
sidies the government provides to ports and shipping companies for the renovation of
shore power facilities, the faster these ports and shipping companies can recover their
costs [10]. The proportion of shore power deployment is affected by the government’s
subsidy rates for renovation costs, electricity fees, and operating costs. When formulating
subsidy policies, priority should be given to subsidizing operating costs such as electricity
fees, followed by subsidizing renovation costs [14]. Wu and Wang [15] constructed a shore
power deployment model which indicates that the dynamic adjustment of subsidy poli-
cies (such as the withdrawal mechanism) must be coordinated with market-based policies
like carbon pricing; otherwise, it will severely weaken ports” willingness to invest. Fur-
thermore, stakeholder cooperation and the combined tool of tax and subsidy are crucial
for enhancing policy effectiveness and accelerating maritime decarbonization, and they
hold practical significance for the development of green ports and the low-carbon transi-
tion of the shipping industry [16]. Peng et al. [17], by comparing facility investment sub-
sidies with shore power usage price subsidies, revealed the differential impacts of differ-
ent subsidy methods on the decision-making of various stakeholders, providing an im-
portant basis for the government to optimize the subsidy structure.

From a macro perspective, the national energy structure exhibits significant hetero-
geneity. In particular, the penetration rate of renewable energy, such as wind power and
the carbon intensity of the power grid, are important factors that determine the environ-
mental benefits and economic feasibility of shore power, thereby profoundly influencing
the strategic space of various game players. Merkel et al. [18] clearly pointed out in their
research that in regions with a high proportion of renewable energy, the emission reduc-
tion advantages and cost competitiveness of shore power are more prominent. Daniel et
al. [19] further confirmed through a case study on the St. Lawrence River and the Great
Lakes region, where the regional electricity price level and power structure directly affect
the competitive advantage of shore power compared with traditional fuel oil. Further-
more, the energy context also shapes the interaction patterns among entities. The port
competition model in Lu et al. [20] indicates that a clean power structure must be paired
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with a tiered electricity pricing policy to effectively address the risks posed by fuel price
fluctuations.

In terms of methodology, evolutionary game theory is widely applied to the study of
large-scale interactive systems and the analysis of individual behavioral strategies in com-
plex systems [21]. As it can effectively simulate the dynamic learning process of bounded
rationality agents, it has become a key tool for analyzing such problems. Chacoma et al.
[22] proposed an evolutionary game whose dynamic rules are derived from field obser-
vations of human behaviors driven by social imitation and confidence. Finally, they stud-
ied the impact of this characteristic on dynamics through numerical analysis. Evolution-
ary game theory replaces the assumption of perfect rationality with a dynamic framework
and achieves equilibrium through iterative strategy adjustment and learning. This theory
has unique advantages in addressing long-term equilibrium challenges in economics,
management, social sciences, and engineering [23].

In evolutionary game research, some studies have moved beyond treating the energy
system as an exogenous background and have incorporated energy structure characteris-
tics directly into game-theoretic frameworks to capture the internal mechanisms of strate-
gic evolution during energy transition processes. Qiao and Yin [24] distinguished between
conventional and clean energy options within an evolutionary game model and incorpo-
rated agents’ perceptions of costs, benefits, and risks associated with alternative energy
choices into the strategy evolution mechanism, showing that substitution relationships
among energy use patterns can influence the evolutionary path and stability of transitions
from high-carbon to low-carbon energy structures. Wang et al. [25] introduced the shares
of coal and clean energy in energy consumption into replicator dynamic analysis and
demonstrated that changes in energy structure proportions can alter the stability and evo-
lutionary direction of the game system. Furthermore, in the context of port decarboniza-
tion and shore power promotion, Zhang and Song [26] incorporated power supply actors
together with key electricity-side parameters, including electricity prices and investment
costs, into a multi-agent evolutionary game framework, indicating that the evolutionary
outcomes of low-carbon technologies such as shore power largely depend on the structure
and economic characteristics of the power supply system.

To summarize, despite the progress made in existing studies, there are still obvious
limitations. Firstly, the setting of key parameters in most game models remains relatively
static. Secondly, there is a lack of in-depth analysis on how global policies (such as IMO
carbon regulations) synergize with local subsidies and electricity pricing policies to influ-
ence the tripartite game. In view of this, it is necessary to construct a more dynamic evo-
lutionary game model and explore the synergy mechanism of multi-level policies. There-
fore, this study will systematically analyze the impact of key parameters, such as wind
power subsidies, carbon pricing, and government policy costs, on the development of
shore power by constructing a tripartite evolutionary game model.

2.2. Government’s Carbon Trading Policies

Against the backdrop of the increasingly severe global warming, promoting green
and low-carbon development has become an urgent need for countries around the world.
As a means of promoting carbon emission reduction through market mechanisms, carbon
trading policies are gradually becoming a key policy tool for the global response to climate
change, and numerous scholars have conducted extensive and in-depth research on their
effectiveness, implementation status, and other aspects. For instance, Natalia Gonzalez et
al. [27] pointed out that power systems around the world are undergoing tremendous
changes, and countries are making efforts to reduce carbon emissions to address climate
change. Carbon trading policies can effectively achieve carbon emission reduction [28,29]
and have been widely implemented in different countries and regions [30]. The European
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Union Emissions Trading System (EU-ETS), officially implemented in 2005, is recognized
as the world’s first and largest international carbon allowance trading platform. The EU-
ETS covers more than 40% of the European Union’s total emissions [31,32]. In China,
Cheng et al. [33] assessed the impact of carbon trading policies on the reduction of air
pollutant emissions in Guangdong Province, and found that the Emissions Trading Sys-
tem (ETS) can not only significantly reduce greenhouse gas emissions, but also lower
emission reduction costs. Zhang et al. [34] extended their research to multiple provinces
in China and found that the implementation of the ETS could reduce carbon emissions in
pilot provinces by 24.2%, which proves that the ETS remains important for achieving car-
bon emission reduction. In terms of maritime shipping, in September 2020, the European
Union decided to include the maritime shipping industry in the EU-ETS [35]. It also de-
cided that starting from 2022, all CO2 emissions from voyages within Europe and 50% of
CO2 emissions from voyages outside Europe would be incorporated into the EU-ETS to
reduce CO2 emissions [36]. Many scholars have also explored the application of carbon
trading policies in the field of maritime shipping. Chua et al. [37] explored the impact of
carbon trading policies on the fleet deployment decisions of liner companies, constructed
a carbon emission model, and analyzed the effects of different policy parameters on emis-
sion reduction outcomes and stakeholders. Zhu et al. [38] analyzed the carbon allowance
allocation strategy among shipping companies under the carbon trading policy through a
bi-level model, and revealed the impact of carbon prices and emission reduction costs on
emission reduction performance and economic benefits.

Existing studies mostly treat carbon trading policies as isolated factors and fail to
systematically reveal how they affect the dynamic strategic interactions among the three
subjects—governments, ports, and shipping companies —when they synergize with other
government intervention measures such as shore power infrastructure subsidies and
wind power support. In particular, the effectiveness of carbon trading policies is inevita-
bly profoundly influenced by the national energy structure, yet this critical dimension is
often overlooked in existing game analyses. Existing game models largely ignore the dy-
namics of energy-structure shifts and policy interactions, and overlook the timing of three-
party strategic moves.

Therefore, this study aims to construct a tripartite evolutionary game model involv-
ing governments, ports, and shipping companies, focusing on exploring how carbon trad-
ing policies can generate synergistic effects with policy tools such as subsidies and elec-
tricity price support, and conducting an in-depth analysis of the regulatory role of differ-
ent national energy structures in this interaction process. This research will provide a the-
oretical basis and decision-making support for governments to design shore power pro-
motion policies in specific energy contexts.

3. A Tripartite Evolutionary Game Model
3.1. Problem Description

The promotion of shore power faces significant challenges, primarily due to the in-
stallation of ship power reception equipment and the simultaneous construction of sup-
porting shore power facilities at ports, both of which require substantial financial invest-
ment. As a result, port enterprises and shipping companies often lack sufficient incentives
in practical implementation. Throughout this process, stakeholders aim to maximize their
own interests, displaying bounded rationality, and dynamically adjust their decisions
based on the observed strategies of others, eventually converging towards a strategic equi-
librium. Consequently, a complex game-theoretic relationship is formed among the gov-
ernment, port enterprise, and ship company, as depicted in Figure 1.

https://doi.org/10.3390/su18041765



Sustainability 2026, 18, 1765 6 of 34
v e
F___3
Government
Policy Motivation Policy
| | Addressing climate change and reducing | I
environmental pollution
Subsidy Carbon Subsidy Carl?on
Sy Sy trading S3 S4 trading
Shore power construction cost (c; ) Retrofit cost (c3)
Wind construction( ¢;) Use cost (¢4 )
- J
Barrier Barrier [a i !i
LY 9
.~
& 4 > £

Port enterprise

24 \\,/
.. Game interaction . —
- Construct shore power facility <€ > Retrofit ship kgt D IELY

-
7

Figure 1. Strategic game relationships among the government, port enterprise, and shipping com-
pany.

As can be seen from Figure 1, driven by their own self-interest considerations, port
enterprises and shipping companies are generally unwilling to voluntarily assume emis-
sion reduction responsibilities and thus exhibit low enthusiasm for the use of shore power.
However, when the government implements a carbon trading scheme and provides con-
struction subsidies for shore power facilities and wind turbine constructions to ports, with

subsidy amounts denoted by §; and S,, as well as retrofit subsidies and electricity price

subsidies to ships, with subsidy amounts denoted by §; and S,, these external incen-

tive mechanisms significantly affect the strategic choices of all parties, adding significant
uncertainty to their strategic decisions. In addition, in their decision-making processes,
port enterprises and shipping companies must comprehensively consider multiple factors,
including the cost of shore power facilities construction, the strength of government sub-
sidies, and the national power supply situation, in order to decide whether to promote the
application of shore power systems. Similarly, when formulating relevant policies, the
government must weigh the costs of policy implementation, the social and environmental
benefits brought by the promotion of shore power and wind turbines, and the potential
impact on the traditional oil industry, so as to determine whether to strongly promote the
development of shore power. On this basis, this paper employs evolutionary game theory
to construct a tripartite strategic evolution model involving the government, port enter-
prises, and shipping companies, and conducts an in-depth analysis of the dynamic adjust-
ment of their strategies under different policy conditions and market environments, with
a view to further advancing the adoption of shore power.

3.2. Model Assumption

Assumption 1. This model comprises three types of agents: the government, port enterprises, and
shipping companies. All three parties are boundedly rational decision-makers who act primarily to
maximize their own interests.
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Assumption 2. In terms of strategy choice, the probability that the government adopts the “im-
plementation” strategy is X, while the probability of adopting the “non-implementation” strategy

is 17x ; the probability that port enterprises adopt the “construction” strateqy is Y , while the
probability of adopting the “non-construction” strategy is 1=y ; and the probability that ship-
ping companies adopt the “retrofitting” strategy is Z , while the probability of adopting the “non-
retrofitting” strategy is 1-z,

Assumption 3. In real-world decision-making, each stakeholder can hardly fully grasp the true
cost and benefit structures of other parties, as well as key external environmental parameters (e.g.,
policy enforcement intensity, carbon prices, and subsidy levels). Therefore, this study assumes that
stakeholders operate under conditions of incomplete information: they can observe only limited
available information and, on this basis, choose and update their strategies dynamically.

3.3. Parameter Specification

The model variables and their explanations are shown in Table 1.

Table 1. Parameter specification and interpretation.

Parameters Interpretation
£o Initial revenue of the government
R The benefits generated when the government implements the policy and both
‘ the port and ships use shore power
R The benefits generated when the government does not implement the policy
1 but both the port and ships use shore power
o The cost of government policy implementation
5 The annualized subsidy for shore power facilities construction
P The annualized subsidy for the construction of wind turbine power generation
2 systems
S3 The annualized subsidy for ship retrofitting
Sy The annualized subsidy for shore power electricity prices
The direct benefits generated for the government by the development of wind
Government M . .
turbine power generation systems
N The losses incurred by the national oil industry due to the development of
shore power and wind turbine power generation systems
p Wind turbine spillover benefit coefficient
0 Oil substitution loss coefficient
F, Carbon trading market price
£ Initial revenue of the port
A The benefits accruing to the port when ships use shore power
Cpl Annualized construction cost of shore power
Cp2 Annualized construction cost of wind turbine power generation systems
Port enterprise
o Power supply interruptions frequency
m Each power outage’s economic loss to the port
B, Initial revenue of the ship
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Shipping company

Cs1 Annual retrofit cost of the ship

Cs2 Annual electricity cost for ships utilizing shore power

Cs3 Annual fuel cost of the ship

W, Each power outage’s economic loss to the shipping company

o Annual carbon emission reduction of the shore power system

0, Annual carbon emission reduction of the wind power generation system
0 Annual carbon emission reduction of the ships

x, 1=x  Probability of implement or no implement; 0 << x <1
¥, 1=y Probability of construction or no construction; 0=y =<1

z, 1=z  Probability of retrofit or no retrofit; 0 <<z <1

3.4. Tripartite Evolutionary Game Model

Using the model parameters mentioned above, this study developed a payoff matrix
involving a three-party game among the government, port enterprises, and shipping com-
panies, as shown in Table 2. To facilitate understanding, a numerical example for the pay-
off-matrix cell (Government Implementation—-Port Construction-Shipping Retrofit) is pro-
vided in Appendix A.

3.4.1. Government
The expected revenue under the government implementation of the policy is U, .

The expected revenue under the non-implementation of the policy is U (1-x)- The average

expected utility is (7x .

U,=yz(g+R,+pM- ON- ;= 5, 5,= 5,- 5,) +¥(1- 2) (g, + pPM - ¢= 5, 5,)

)
+z(1- )(gy- ¢ - 85)+(1- ¥)(1- 2) (g - )
U(l—x) = yZ(go TR +M- N)+y(l_ Z)(go +M)+Z(1 _y)(go)"'(l _y)(l_ Z)(go) )
U,=xU +0-x)U,_, ®)
The government’s replication dynamic equation is:
F(x)=x(x- 1)(00 +yM+ys +ys, +zs, — ypM — yzN— yzR, + yzR +yzs, + yzé’N) 4)

The detailed derivation of the replicator dynamic equation is provided in Appendix
B.

In the stability analysis of dynamic systems, if the equilibrium point of the system
satisfies the equation F' (x)=0, the stability of this equilibrium point can be ensured by
also satisfying the condition that its first derivative F (x)<0.From F(x)=0, itcanbe

Co - 28,

inferred that x=0, x=1, V=), = . Tak-
ferrec Tha r=J M +s,+5s,- pM - zN - zR +zR, + zs, ?

ing the derivative of F' (x) yields:

F(x)=(0Qx- 1)(00 +yM +ys, +ys, +zs;~ ypM — yzN— yzR, + yzR, + yzs, + yzON ) (5)
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Table 2. Three-party payoff matrix.

Government
Implement (x) Not-Implement (1 - x)
S 8o TR, TpM—6ON—c,—5,—5, 8,75, g tR+M-N
_ g Py+P —c, —c,,+s +s, ~oW,+P(0,+0,) P+P~c, ~c,,~oW,+P(0+0,)
— z D _ _ _
»Z/‘ g R By=cy ey T8 ts, oW, + RO, By~cy e, oW, + RO,
3 g
£ g —
E 0 h
2 B, = g tpM—c, =575, g& M
o R =
© = S Bmc, ¢ tsts, Bymc,c¢p
3 |2 _ _
& 5 By ey B, ~c,
3 Z.
I=
]
S = 8o €53 8o
~ — =
> H P, P
| > E 0 0
) & g o .
g % F By=cy ety By~ ¢, ~cg
B S
2 50 !
-— i —
@ a = &0~ % 8o
P £ | Ex P P
5 s | g0 0 0
z 0 _ _
S By —cg B, ~cy,
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When y=y,, F (x)=0 and all xx are evolutionarily stable strategies. When
VF Y, letH(y)= ¢yt yM + ys, +ys, +zs;— ypM — yzN — yzR, + yzR, + yzs, + yzON ,
al
so % =M+s, +s,~pM—zN~-zR,+zR +zs,;
aily) VN () is an i
(1) ? =M+s,+s,~pM ~zN - zR,+zR, +zs,>0 and H\y) is an increas-

ing function of y :

(@ When y>y,. H(y)>0, F(x)
a stable state.

() When y<y,, H(y)<0, F(x)

a stable state.

=0, F(x)

o <O0; therefore, x=0 is

x=

=0, F(x) , <0; therefore, x=1 is

x=

T:M‘|‘Sl+S2_pM_ZN_ZR0+ZR1+ZS4<O and H(y) is a decreas-

ing function of y :

() When y>y,, H(y)< 0, F(x)‘le =0, F'()c)‘x:l <0; therefore, x=1 isa
stable state.

(b) When y<y,. H(y)>0, F(x)

a stable state.

Based on the above analysis, the phase diagram of government strategy evolution
can be obtained, as shown in Figure 2. In Figure 2, the arrows indicate the evolutionary
trend of strategies, and the region enclosed by the dashed lines represents a stable state
where any strategy combination on this curved surface remains stable.

(2)

=0 =0, F'(x)‘xzo <(; therefore, x=0 is

Y Y
1 1
N 1 | 1
o b ] X Wi AT / X
1| L, 1 v, <]
L L
() #(y)
(a) >0 (b) <0

9 @

Figure 2. The strategy phase diagram of government.

3.4.2. Port Enterprise
Assuming the expected revenue for port enterprises when constructing shore power

is U y, and the expected revenue when not constructing shore power is U(l, y), the aver-

age expected utility is U . Therefore,
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Sustainability 2026, 18, 1765 11 of 34

U, ZXZ(PO tR s+, cp —cp, ~ oW, +PC(Q1 +Q2))+x(l—z)(Po s +s, —ap _sz)

6

+20-2)B + B~ cpy~epy ~ oW, + PAQ, + 0, )+ (1= x)1- 2B, ~cp, ~ep,) ©
U(l,y) = xzF, er(l—z)P0 Jrz(l—x)P0 4—(1—x)(1—z)P0 7)

U,= yu, + (- y)U(lfy) ®8)

The port enterprise’s replication dynamic equation is:
F(y): y(l_J/)(Zpl _cpl _cp2 +xsl +‘XS2 +ZPCQ1 +ZPCQ2 _ZGVVI) (9)

The detailed derivation of the replicator dynamic equation is provided in Appendix
B.

In the stability analysis of dynamic systems, if the equilibrium point of the system
satisfies the equation F' 0) =0, the stability of this equilibrium point can be ensured by
also satisfying the condition that its first derivative F (y) <0.From F (y) =0, itcanbe

C, TC,p ~ XS XS,
R +F.0 +F0, - dW,

inferred that ¥y =0, y=1, z= Z, = . Taking the derivative

of F(y)= 0 yields:
F(y)z (1—2)/)(21'-’1 —C, ~C,y txs; txs, +zP.0, +2zP.0, —zan) (10)

When z=z,, F (y)Z 0 and all ¥V are evolutionarily stable strategies. When

z#Fzy, , let H(Z)ZZP1 —C, T Cpy T xS T x5, +2P.Q, + 2P0, —zoW, o
) _ B+ 2o+ PO~ oW,
#H(z)
(1) P B+PQ,+PQ,~cW,>0, H(z) isan increasing function of z.

(a) When z > z,, H(z)>0, F(yxy:1 =0, F'(yXy:1<0,so ¥ =1 is a stable
state.

(b) When z <z,, H(z)<0, F(yxy:OZO, F’(va:0<0,so y =0 is a stable
state.

#H(z)
a

(@) When z >z, H(z)<0, F(y%:()zo, F'(yXy:0<0,therefore y=0isa

(2) =P+PQ +PQ, oW, <0, H(z) isa decreasing function of z.

stable state.
(b) When z <z, H(Z)>O, F(yXyﬂ =0, F’(yXy:1 <0, therefore ¥ =1 is a

stable state.

Based on the above analysis, the phase diagram of the strategy evolution of port en-
terprises can be obtained, as shown in Figure 3. In Figure 3, the arrows indicate the evo-
lutionary trend of strategies, and the region enclosed by the dashed lines represents a sta-
ble state where any strategy combination on this curved surface remains stable.
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#H(z) #(z)
3 >0 (b)

(a)

Figure 3. Phase diagram of the strategies of port enterprises.

3.4.3. Shipping Company

Assuming the expected revenue for the shipping company when using shore power

isU,, and the expected revenue when not using shore power isUj, ., the average ex-

pected utility is U, . . Therefore,
U, = xy(BO +s5,+s,—¢c, ¢, ~ oW, +PCQ3)+x(1 - y)(BO +85,7¢, cs3)

+y(1- )c)(B0 —¢, —¢, ~oW,+ PCQ3)+ (1- x)(l - y)(BO —c, - cs3) )
U(l—z) ny(Bo 7Cs3)+x(17y)(30 7Cs3)+y(17x)(BO 7053)—’_(17)6)(17);)(30 76}3) (12)
U.=zU,+01-2)U, (13)

The shipping company’s replication dynamic equation is:
F(z) =201~ Z)(Cs3y “Cuy ey txs; HyROs— yoW, + xys4) (14)

The detailed derivation of the replicator dynamic equation is provided in Appendix
B.

In the stability analysis of dynamic systems, if the equilibrium point of the system
satisfies the equation F (z)=0, the stability of this equilibrium point can be ensured by
also satisfying the condition that its first derivative F (Z) <0.From F (Z) =0, itcanbe

CpY —Cuyte, ~yRO, + yoW.
inferred thatz=0, z=1, X=X, = 2 3 : : 2 . Taking the de-
s;+ s,

rivative of F(z) yields:
F(z)=0- 22)(Cs3y ~C,y ¢y txs; +yRO, — yoW, + xyS4) (15)

When x=Xx,, F (Z ) =0 and all z are evolutionarily stable strategies. When

XF Xy, let H(x)= CayCuy ey txs; YR~ yoW, +xys, , so a1 (x) =
8§37 Ys,.

#H(x)
1) a =s,tys, >0, H(x) isan increasing function of X.
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(@) When x>Xx,, H(x)>0, F(z)
stable state.

(b) When x<x,, H(x)<0, F(z)

4 =0, F(2) , <0, therefore z=1 is a

z=

0=0, F(Z) o <0, therefore z= 0 isa

stable state.
#(x)
a
(a) When x>x,, H(x)<0, F(z)
stable state.
(b) When x<x,, H(x)>0, F(z)

stable state.

() =5, +ys, <0, H(x) isa decreasing function of X.

=0, F(2) 0 <0, therefore z=0 is a

=0, F(2)

.- <0, therefore z=1 is a

Based on the above analysis, the phase diagram of the strategy evolution of shipping
companies can be obtained, as shown in Figure 4. In Figure 4, the arrows indicate the
evolutionary trend of strategies, and the region enclosed by the dashed lines represents a
stable state where any strategy combination on this curved surface remains stable.

y y
1 1
1 1
7 = X :::V X
1| 5L 7 1 vs/ Py
z 7
#(x) 0 ) #(x) <0
(a) a (b) a

Figure 4. Phase diagram of the strategies of shipping companies.

3.5. Evolutionarily Stable Strategy

To further examine the evolutionary stable points of the tripartite game, the replica-
tor dynamic equations of the three parties are jointly considered and set to 0, as shown

below:
F(x)=x(x=1)(c,+yM+ys, +ys, + 28, = ypM — yzN — yzR, + yzR, + yzs, + yz6N)
F(y) :y(l_y)(ZR_cpl —Cpp + X5, +x5, + 2RO, +2R0, —zo) (16)

F(z2)=2(1=2)(c 3y —cpy—¢, + x5+ YRO, — yol, +xys,)

By solving this system of equations, eight equilibrium points are obtained, denoted
as E,=(0,0,0), E,=(0,1,0), E;=(0,0,1), E,=(0,1,1), E;=(1,0,0), E;=(1,1,0),
E;=(1,0,1), Eg=(1, 1, 1). According to Friedman [39], certain points can only become
stable equilibria of a dynamic system under specific conditions. In light of this, this study

calculates the partial derivatives of the replicator dynamic equations for the government,
port enterprises, and shipping companies, and constructs the Jacobian matrix for the

https://doi.org/10.3390/su18041765
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multi-agent system. This approach allows for an assessment of the evolutionary stability
of each equilibrium point. The Jacobian matrix is presented as follows:

[ OF (x) OF (x) OF (x) |
ox dy 0z
oF F F
5| 9E(y) OF () OF (y) a7
ox dy 0z
OF (z) OF (z) oF (z)
C ) oz |
Among them,
F(x)
P (2x- 1)(c0 +yM + ys, + ys, +zs, — ypM — yzN — yzR, + yzR, + yzs, + yZHN) (18)
#(x)
? =x(x*1)(M+sl+s2*pM*zN*zR0 +zR1+zs4+20N) (19)
#F(x)
3 =x(x- 1)(s3 ~yN—-yR,+ YR +ys, +y¢9N) (20)
&
% = -1 +5,) 1)
@
% =(1- 2y)(Plz- Cpy = €y + X5+ X5, +2P 0, +2PQ, - ZO'VVl) (22)
&
% = -1R+ RO + RO, - o) @3)
&
;Z) = Z(l - z)(S3 + yS4) (24)
@
) =z(1- Z)(Cs3 “Co TROy oW, + xs4) (25)
#F(z)
a =(1- 22)(cs3y T Coy Tyt xsy+ yROy— yoW, + xys4) (26)

By inserting all equilibrium points into the Jacobian matrix, the corresponding eigen-
values @l,yz,}g) are derived, as presented in Table 3. Based on Lyapunov stability the-

ory, the signs of the eigenvalues can be used to determine the stability of the equilibrium
points. An equilibrium point is considered an Evolutionarily Stable Strategy (ESS) if all
eigenvalues are negative; if all eigenvalues are positive, it is an unstable point; if the ei-
genvalues include both positive and negative values, the point is a saddle point. Due to

Nn=c,te,> 0, 7,=¢c;,>0 and y, =c,>0 the equilibrium points
E,=(0,1,0), E;=(0,0,1) and E5=(1,0,0) areunstable points. In addition, under the
scenario ~ where  the  government  implements  differential  subsidies,
n=c,te,=875,>0,s0 E;=(1,1,0) isalso an unstable point. Similarly, because

7 = ¢, T 83 >0, the equilibrium point £, =(1, 0, 1) is also unstable.
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Table 3. The eigenvalues of the equilibrium points in the game system.

Eigenvalue Y, Eigenvalue ), Eigenvalue ),
E =(0,0,0) ¢y —c, 7Cp —cy
E,=(0,1,0) pPM —cy—s,—s,— M C, e, Cyy ~Cy —Cy —o W, + PO,
E;=(0,0,1) TCy TS, B-c, ¢, TOF +Q,F, ~oW, Ca
E;=(0,1,1) N-M-6N+pM+R)-R ~c,~5, 5,555, Cpte,, ~B-OF ~OF +ol, Cytey ey toW, ~OsF,
Es=(1,0,0) Co $;+8, 7C, TCy, S3 7 Cg3
E,=(1,1,0) M —pM +c, +s,+s, CptC,n =875, Cyy ~Cyp —Cy tsyts, oW, + OF,
E,=(1,0,1) Co T3 P-c,—c,*ts+s,tOF +0O,F ~oW, Ci3 ™83

Eg=(,1,1) R ~Ry+tc,+s +s,+s,+s,~pM+M+6N-N cpte, P s ~5,-0QF ~0,F +taW, c,tc,cy=8,-8, oW, - O,P,

https://doi.org/10.3390/su18041765



Sustainability 2026, 18, 1765

16 of 34

In summary, only E; =(0,0,0), E,=(0,1,1) and E;=(1, 1, 1) exhibit asymptotic
evolutionary stability under certain conditions, which are analyzed in detail as follows:

Case 1: Since the eigenvalues ,, 7, 7;correspondingto E; =(0, 0, 0) are all neg-
ative, E;=(0,0,0) is an evolutionarily stable strategy (ESS). In this state, the strategies
chosen by the three parties are: the government does not implement the policy, the port
does not construct shore power facilities, and the shipping company does not use shore
power. This equilibrium indicates that, under the current conditions, the active strategy is
not economically viable. Raising the carbon price, increasing subsidies, and improving
power supply reliability can enhance the cost-benefit structure, thereby steering the sys-
tem toward a cooperative strategy.

Case 2: When E;=(0,1, 1) is an equilibrium point, the strategies chosen by the
three parties are: the government does not implement the policy, the port constructs shore
power facilities, and shipping companies use shore power. As shown in Table 3, only
when 7 <0 , y, <0 , 7, <0 , those are,
N-M-ON+pM+R)-R —c,—5,~5,-8;-5,<0, ¢, +c,, ~¢c +toW,-0O,P. <0
and €, tc,, "B -OF ~0O,F, toW, <0, E,=(0,1,1) constitutes an ESS. This indi-
cates that if the government benefits from promoting shore power pM —M +R;, — R,
are lower than the cost of policy implementation ¢, +s, +5, +5;+5, +ON~-N, the
government likewise lacks the willingness to implement such policies. It also shows that
when the benefits generated for the port from vessels’ use of shore power

B +Q,P. +Q,P, exceed the corresponding construction costs and the losses caused by
power interruptions €, +¢,, T0W,, port enterprises have no motivation to construct
shore power facilities. When the cost for shipping companies to use shore power ¢ +¢,,
is lower than the pre-retrofitting fuel cost C,;, and the losses due to power interruptions

oW, are smaller than the carbon revenue obtained after retrofitting (,F., shipping com-
panies will be willing to adopt shore power. This equilibrium indicates that, in the absence
of government intervention, the market can still spontaneously and stably converge to the
strategy combination of “port construction—-shipping company usage” as long as shore
power is economically viable for both ports and shipping companies. Specifically, this re-
quires that port revenues are sufficient to cover construction costs and outage-related
losses, and that the shipping companies’ total cost of using shore power is lower than the
fuel cost, with carbon-related gains being sufficient to offset the associated costs.

Case 3: When Eg=(1, 1, 1) is an equilibrium point, the strategies chosen by the three
parties are: the government implements the policy, the port constructs shore power facil-
ities, and shipping companies use shore power. Therefore, we set 7, <0, 7, <0, y; <0
, those are R —Ry+cy+s +s,+s;+s,~pM+M+6ON-N<0
CatCo Cy 838 toW, ~OF, <0 ,
Cppte, “P 8575, Q. ~O,F, +0oW, <0 sothat E5=(1, 1, 1) constitutes an ESS.
This indicates that when the government benefits from promoting shore power
Ry~ R, — pM +M exceed its policy cost ¢, t 5, +5, t5;+5, and the losses imposed

7

on the petroleum industry ON — N, the government will have the incentive to adopt and
implement the policy. When the benefits gained by the port after vessels adopt shore

power B +s; +s5, +OQ,P. + O, P, exceed both its construction costs €, T¢€,, and the
losses due to power interruptions oW}, the port enterprise will be willing to construct

shore power facilities. When the cost for shipping companies to use shore power ¢, +C,,
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is lower than the pre-retrofitting fuel cost C,3, and the losses due to power interruptions

oW, are smaller than the carbon revenue obtained after retrofitting O;F, , shipping com-
panies will be willing to adopt shore power. This equilibrium indicates that, under policy
incentives, the government, ports, and shipping companies can all benefit from adopting
cooperative strategies, and the system will stably converge to “government implementa-
tion—port construction-shipping company usage.” From a policy perspective, a higher
carbon price combined with synergistic subsidies for infrastructure construction, ship ret-
rofitting, and electricity prices can further strengthen cooperative incentives, thereby en-
hancing the sustainability and stability of this cooperative outcome.

4. Simulation Analysis
4.1. Data Sources

The data used in this study are primarily drawn from publicly available literature,
government policies, and relevant reports. To further investigate the interaction mecha-
nisms underlying stakeholders’ strategic choices in the shore-to-ship power system, we
conduct numerical simulations of the evolutionary game model using MATLAB 2016b.
To simplify computation, following the annualization formula (Equation (27)), all varia-
bles such as costs and subsidies are uniformly converted into annual terms (Fang et al.
[40], 2020), expressed in units of CNY million.

cpr(l + r)l
1+ -1

Here, C denotes the annualized investment amount, €, denotes the total invest-

c 27)

ment amount before annualization, 7 is the discount rate, set at 5% (Li et al., 2025 [41]),
and [ denotes the service life. In the model, the service life of shore power facilities was
set to 20 years, the operational lifetime of the wind turbine power generation system was
assumed to be 25 years, and the remaining service life of ships after retrofitting was de-
fined as 15 years. According to the studies by Sheng et al. (2023) [42] and Xu et al. (2021)
[43], it is known that the construction cost of a shore power system is approximately RMB
8 million, and the cost of retrofitting a ship is about RMB 2 million. After the shore power
facilities are completed, the government provides a 30% subsidy for construction costs, a
60% subsidy for retrofit costs, and a 60% subsidy for shore power electricity usage. There-
fore, by annualizing the above costs and subsidies using the annualization formula (Equa-

tion (27)), we set the port shore power facility construction cost €, = 0.65, the ship ret-
rofitting cost ¢,; = 0.19, the shore power construction subsidy s, = 0.2, the ship retro-
fit subsidy s; = 0.11, the electricity price subsidy s, =0.12, the cost of using shore
power C;, = 0.2, the fuel costs €3 = 0.3, the policy costs ¢, = 0.1, the benefits of us-
ing shore power for ships at the port p; = 0.85, and carbon emission reductions from
shore power (O, =2, wind turbine carbon emission reductions (), = 3, and ship carbon

emission reductions O; = 5. According to policy documents and related reports from

Xinhua News (2025) [44], Fraunhofer ISE (2024) [45], European Commission (2024) [46],
China Central Television (2023) [47], World Bank (2023) [48] and Carbon Tracker (2023)
[49], and to ensure system stability, we set the wind turbine power generation systems

cost C,p = 0.32, the wind turbine construction subsidy s, =0.19, the carbon trading
market price P, =0.11, the power supply interruptions frequency ¢ = 2, each power

outage’s economic loss to the port and ship are W, =0.2, W, =0.1, the wind turbine
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spillover benefit coefficient p =4, the direct benefits generated for the government by

the development of wind turbine power generation systems M = 0.63, the oil substitu-
tion loss coefficient 6 =5, the losses incurred by the national oil industry N = 0.4, as
shown in Table 4.

Table 4. Parameter values.

Parameters Values Parameters Values Parameters Values

Co 0.1 R, 0.2 Cp 0.65
S 0.2 M 0.63 Cpa 0.32
S, 0.19 N 0.4 )2 0.85
S5 0.11 P 4 o 2

S, 0.12 0 5 /4 0.2
R, 0.86 P 0.11 W, 0.1
O 2 o, 5 c, 0.19
o, 3 Cgs 0.3 Cyy 0.2

Shipping company retrofit probability(z)

4.2. The Evolutionary Paths of ESSs

By combining the replicator dynamic equations with the stability conditions, the ini-
tial strategic willingness of the three parties was first set to ¥ =y =z =0.5_ Given that
the existence and stability of an ESS are jointly characterized by a set of inequality con-
straints and are influenced by multiple parameters acting together, to ensure that the con-
ditions for each ESS are satisfied, this study takes Table 4 as the baseline and jointly adjusts
and specifies multiple key parameters involved in each ESS (see Table 5). On this basis,

three scenarios are constructed and analyzed: £ =(0,0,0) , E, =(0,1,1), and
Eg =(1, 1, 1), as detailed below.

ile keeping all other parameters unchanged, parameter ' was adjusted to
1) While keeping all other p hanged, p Cn djusted to 2

and parameter 2 was adjusted to 2.5 to satisfy the conditions of Scenario 1, and

E =(0,00)

the evolutionary path of ™! was obtained, as shown in Figure 5a,b. In Fig-
ure 5a, each colored curve represents an evolutionary trajectory from a given set of
initial strategy probabilities in a single simulation, and all trajectories eventually con-

verge to the equilibrium point E = (O’O’O).

—_——————

—%¥— Government
075 e POrt enterprise

probability(x.y.z)

o L L I
0 10 20 30 40 50 60 70 80 20 100

(10\ €mepy ;
nt
unplunu"d“ Time(t)
(a) 3D trajectory of three-party strategy evolution (b) Convergence path of three-party strategy evolution
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Figure 5. The evolutionary paths of £ = (O’O’O).

(2) While keeping all other parameters unchanged, parameter R; was adjusted to 1.5,
parameter p, wasadjusted to 2.5, C;; was adjusted to 0.5 to satisfy the conditions
of Scenario 3, and the evolutionary path of £;=(0, 1, 1) was obtained, as shown in

Figure 6a, b. In Figure 6a, each colored curve represents an evolutionary trajectory
from a given set of initial strategy probabilities in a single simulation, and all trajec-

tories eventually converge to the equilibrium point £, =(0, 1, 1).

S
g |
= —%— Government
g 0.75 ! - Portenterprise
_QE _ & - = = Shipping company
) N
& =
S =
3 B
2 = 05
i\ =}
=1 «
£ 2
£ 8
<
2 0.25
o
£

0.2 ——— —— 08

(im-c i LT 08" 771’ B U Flozg04 - . m\‘ﬂb““yw‘ 0

meny in)plc,,,‘,,’[1l- S cun_qr\\‘"-“““ P 0 10 20 30 40 5 60 70 8 90 100
Aalio . o 5S¢
" Probabiliry(y)  port ente" Time(0)
(a) 3D trajectory of three-party strategy evolution (b) Convergence path of three-party strategy evolution

Figure 6. The evolutionary paths of £, =(0, 1, 1).

(3) While keeping all other parameters unchanged, parameter R, was adjusted to 2,
parameter p, was adjusted to 2.5, and € ; was adjusted to 0.8 to satisfy the con-

ditions of Scenario 4, and the evolutionary path of Eg = (1,1, 1) was obtained, as

shown in Figure 7a,b. In Figure 7a, each colored curve represents an evolutionary
trajectory from a given set of initial strategy probabilities in a single simulation, and

all trajectories eventually converge to the equilibrium point Eg = (1,1, 1.

Table 5. Values of different parameters of ESS.

Parameters (0,0,0) 0,1,1) 1,1,1)
Cy 2 0.19 0.19
C,y 2.5 0.2 0.2
Cys 0.3 0.5 0.8
R, 0.86 0.86 2
R, 0.2 1.5 0.2
2 0.85 2.5 2.5
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Figure 7. The evolutionary paths of Eg = (1,1, 1).

4.3. Impact of Key Parameters on the Evolutionary Outcomes and Evolutionary Paths
4.3.1. Effect of the Initial Value of X»>Z on the Evolutionary Path

Based on the parameters listed in While keeping all other parameters unchanged, pa-

rameter Ry was adjusted to 2, parameter P was adjusted to 2.5, and 3 was ad-

justed to 0.8 to satisfy the conditions of Scenario 4, and the evolutionary path of

E,=(1,1,1)

was obtained, as shown in Figure 7a,b. In Figure 7a, each colored curve

represents an evolutionary trajectory from a given set of initial strategy probabilities in a

single simulation, and all trajectories eventually converge to the equilibrium point

ES :<1) 11 1)

Table 5, the initial strategic willingness of the system was fixed at 0.5. By adjusting
the initial probabilities of other stakeholders, this study explores the effects on the sys-
tem’s evolutionary path.

(1) Effects of changesin Y% on the strategic choice of the government

The initial value of x=0.5 was adopted, while Y= 0.2,y=0.8 and
z=0.2,z=0.8 were, respectively, selected as the initial values. By adjusting the values
of V and z, the evolutionary process of the government’s willingness X was ana-
lyzed, and the results are shown in Figure 8.
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Figure 8. Effects of changesin V»>Z on the strategic choice of the government.

As illustrated in Figure 8, when the willingness of the port enterprise and the ship-
ping company to use shore power is relatively high (¥ = 0.8,z =0.8), the government’s
willingness increases accordingly; conversely, when the willingness of the port enterprise
and the shipping company is relatively low (¥ = 0.2,z =0.2), the government’s willing-
ness declines sharply and even approaches 0. This indicates that when the port enterprise
and the shipping company exhibit a low willingness to adopt the shore power system, the
government is required to bear higher policy implementation costs, which in turn weak-
ens its willingness to promote the policy. When the willingness of the port enterprise and
the shipping company is relatively high, the fiscal pressure on the government is allevi-
ated, thereby enhancing its willingness to implement the policy. However, when the will-
ingness of the port enterprise is extremely low (V=0.2), the government’s willingness
remains constrained even if the shipping company shows a relatively strong willingness.
This is because the port occupies a critical position in the shore power system and under-
takes essential responsibilities such as power grid connection, equipment construction,
and system operation. In the absence of support from the port enterprise, the shore power
system cannot be effectively implemented, even when the willingness of the shipping
company is relatively high.

(2) Effects of changesin **Z on the strategic choice of the port enterprise.

The initial value of ¥ =0.5 was adopted. x=0.2,x=0.8 and z=0.2,z=0.8
were selected as the initial values. By adjusting the initial willingness of the government
and the shipping company, namely *¥ and Z, the evolutionary process of the port en-
terprise’s willingness V' over time was analyzed, as shown in Figure 9.
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Figure 9. The effects of changes in X,z on the strategic choice of the port enterprise.

As can be observed from Figure 9, when the willingness of the government and the
shipping company is relatively high (x=0.8,z=0.8), the willingness of the port enter-
prise gradually increases and eventually converges to 1; however, when the willingness
of the government and the shipping company is relatively low (x = 0.2,z = 0.2), the will-
ingness of the port enterprise decreases and approaches 0. This demonstrates that the de-
cision of the port enterprise to participate in the construction of the shore power system
is jointly influenced by government policy support and market demand. Specifically, in-
sufficient government support results in greater financial pressure on the port enterprise,
thereby reducing its willingness to participate. In contrast, strong government support
and subsidies can effectively alleviate the cost burden of the port enterprise and enhance
its willingness. In addition, the willingness of the shipping company also exerts a signifi-
cant influence on the port enterprise’s willingness. When the willingness of the shipping
company is relatively high (z = 0.8), it indicates strong market demand for shore power,
enabling the port enterprise to accelerate cost recovery, which further enhances its will-
ingness to participate.

(3) The effects of changes in ** on the strategic choice of the port enterprise.

The initial value of z=0.5 was adopted, while x=0.2,x=0.8 and
y=0.2,y=0.8 were selected as the initial values. By adjusting the initial willingness of
the government and the port enterprise, namely X and JV , the evolutionary process of
the shipping company’s willingness Z over time was analyzed, as shown in Figure 10.
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Figure 10. The effects of changes of x,) on the strategic choice of the shipping company.

As illustrated in Figure 10, when both the government and the port enterprise lack
the willingness to promote shore power (X = 0.2,y =0.2)), the willingness of the shipping
company rapidly declines to 0. Even when the government exhibits a relatively high will-
ingness but the port enterprise responds insufficiently, the willingness of the shipping
company remains difficult to sustain and shows a declining trend. This indicates that the
effectiveness of government policy promotion largely depends on whether port enter-
prises actually implement the measures, which in turn shapes shipping companies” deci-
sions. Conversely, when the willingness of the port enterprise is relatively high (= 0.8),
the willingness of the shipping company can still be significantly enhanced even if the
willingness of the government is relatively weak, indicating that the direct influence of
the port enterprise on the decision making of the shipping company is more critical. When
both the government and the port enterprise exhibit relatively high willingness, a virtuous
cycle of policy guidance and supply assurance can be formed, under which the willing-
ness of the shipping company to use shore power increases rapidly and stabilizes at a high
level. Overall, the decision making of the shipping company is influenced not only by
government policies but is more strongly dependent on the response of the port enterprise,
and the synergistic effect of the two is the key to enhancing the willingness of the shipping
company to adopt shore power.

4.3.2. The Effects of Government Subsidies on the Evolutionary Paths of
Different Stakeholders

To examine the impact of a single carbon trading policy on the promotion of shore
power, all subsidies were set to 0, namely §, =5, =55 =5, = 0. In order to explore the
effects of different subsidy levels on the development of shore power, the shore power

construction subsidy s, =0.2,0.22,0.24 , wind turbine construction subsidy
s, =0.19,0.21,0.23, ship retrofitting subsidy s, =0.11,0.13,0.15, and electricity price
subsidy s, =0.12,0.14,0.16 were separately assigned, while other parameters and
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variables remained unchanged. The specific values were referenced from Table 5, and the
simulation results are shown in Figure 11.
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Figure 11. The effects of government subsidies on the evolutionary stabilization rate.

When §; =5, =53 =5, =0, X initially increases and then decreases, while V2

continuously declines, and both eventually stabilize at 0. Under a single carbon trading
policy, due to the absence of government subsidies, the port enterprise faces relatively
high construction cost pressure, and the shipping company is also required to bear the
costs associated with ship retrofitting and the use of shore power. The high cost burden
reduces the incentives of both the port enterprise and the shipping company to promote
and use shore power, thereby constraining the effectiveness of the policy implementation.

However, when the shore power construction subsidy S, increases to 0.2 and 0.22,
the wind turbine construction subsidy S, increases to 0.19 and 0.21, the retrofitting sub-

sidy $;3 =0 increases to 0.11 and 0.13, and the electricity price subsidy S, increases to

0.12 and 0.14, Y initially decreases and then increases, while X,Z continuously in-
creases, and both eventually converge to 1. This indicates that, in the initial stage, the con-
struction willingness of the port enterprise is generally weak due to the high investment
cost of shore power infrastructure. As the government increases fiscal subsidies, the port
enterprise begins to increase investment in shore power infrastructure under economic
incentives. Meanwhile, the enhancement of retrofitting subsidies and electricity price sub-
sidies effectively promotes ship retrofitting and encourages the shipping company to use
shore power more actively. This positive interaction further strengthens the government’s
motivation to continuously promote relevant policies.
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When the shore power construction subsidy increases to 0.24, the wind turbine con-
struction subsidy increases to 0.23, the ship retrofitting subsidy increases to 0.15, and the
electricity price subsidy increases to 0.16, Figure 11b shows that X converges to 1 more
slowly than in the other two scenarios. This is because higher subsidy levels significantly
increase the government’s fiscal expenditures and intensify budgetary pressure, thereby
weakening its willingness to continuously promote shore power policies.

4.3.3. The Effects of Carbon Price on the Evolutionary Paths of Different Stakeholders

In order to analyze the impact of a single subsidy policy on the promotion of shore
power, the carbon price was set to 0, namely . =0. To explore the effects of different
carbon prices on the development of shore power, weset P, =0.11,0.16,0.21, while other

coefficients and variables remained unchanged. The specific values were referenced from
Table 5, and the simulation results are shown in Figure 12.
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Figure 12. The effects of carbon price on the evolutionary stabilization rate.

As depicted in Figure 12, when P, =0, X initially increases and then decreases
and Y>Z exhibit an overall downward trend, indicating that under a single subsidy policy,
although initial investment costs are reduced, the limited profit margin during the later
operational stage results in insufficient participation incentives for both the port enter-
prise and the shipping company, which in turn weakens the government’s willingness to
further promote related policies. When P, =0.11, P,=0.16 and F, =021, X,».z
generally present an upward trend, and a higher carbon price leads to a faster conver-
gence toward 1. This indicates that, with increasing carbon prices, the benefits obtained
by ports and vessels through carbon emission reduction are significantly enhanced,
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& Shipping company retrofit probability (z)

thereby substantially increasing their willingness to participate, which further strengthens
the government’s motivation to continue promoting related policies.

4.3.4. The Effects of Government Policy Cost on the Evolutionary Paths of
Different Stakeholders
When the parameter ¢, takes values of 0.1, 0.2, and 0.3, respectively, while other

coefficients and variables remain unchanged, with specific values shown in Table 5, the
simulation results are illustrated in Figure 13.
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Figure 13. The effects of government policy cost on the evolutionary stabilization rate.

As depicted in Figure 13, when the policy cost ¢, =0.1, X,Z continues to increase,

Y initially decreases and then increases, and all three variables eventually converge to-
ward 1. This indicates that under relatively low policy costs, the government exhibits a
strong willingness to continuously promote shore power projects, thereby driving a grad-
ual increase in the participation willingness of both the port enterprise and the shipping
company. It should be noted that the port willingness J experiences a brief decline at
the initial stage, which is mainly attributed to the relatively large scale of early investment
required by ports and the fact that the utilization rate of shore power by vessels has not
yet increased, resulting in a longer investment payback period. However, with the con-
tinuous implementation of policy incentives and the enhancement of vessel retrofitting
willingness, the port’s willingness to participate is correspondingly strengthened.

When ¢, =0.2 and ¢, =0.3, X and z initially increases and then decreases,

while Y continue to decline, and all three variables eventually converge toward 0. This
indicates that although the government demonstrates a certain level of promotion will-
ingness during the initial stage of policy implementation, its driving motivation gradually
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weakens as policy costs increase, which subsequently leads to a decline in the participa-
tion willingness of both the port enterprise and the shipping company.

4.3.5. The Effects of the Presence or Absence of a Wind Turbine Power Generation Sys-
tem on the Evolutionary Paths of the Three Parties

Before the introduction of the wind turbine power generation system, the parameters
related to the wind turbine system were set to 0 in this study, namely
c,=0,5,=0,p=0, 6=0M=0,N=0,0, =0, while all other parameter values re-
mained unchanged. The specific values are provided in Table 5. The simulation results
are shown in Figure 14, where the willingness of all parties remains at a relatively low
level and converges toward 0.
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(a) Without wind power generation (b) With wind power generation

Figure 14. The evolutionary paths with and without the wind turbine power generation system.

By comparing Figure 14a, b, it can be observed that after the introduction of the wind
turbine power generation system, the willingness of the government, the port enterprise,
and the shipping company increases significantly and converges toward 1. This difference
can be attributed to the following reasons. When the application of the wind turbine
power generation system is promoted by the government within the shore power system,
the overall benefits of the system are enhanced, thereby strengthening the government’s
willingness to promote the development of shore power. For the port enterprise, although
the initial investment increases, operating costs can be reduced in the long term through
self-generation and self-consumption, which enhances its participation enthusiasm. The
shipping company can benefit from improved power supply stability ensured by the wind
turbine power generation system and can also enjoy advantages in electricity prices,
which increases its willingness to adopt shore power. However, without the configuration
of a wind turbine power generation system, the port enterprise would rely on the external
power grid, the shipping company might face higher electricity prices or unstable power
supply, and the government would find it difficult to achieve sustainable policy benefits,
which would weaken its willingness to promote the development of shore power. Overall,
the introduction of the wind turbine power generation system significantly enhances the
driving force for the promotion of the shore power system.

4.3.6. The Effects of Wind Turbine Spillover Benefit Coefficient on the Evolutionary
Paths of Different Stakeholders

When the parameter £ takes values of 1, 4, and 7, respectively, while other param-
eters and variables remain unchanged, with specific values shown in Table 5, the simula-
tion results are presented in Figure 15.
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Figure 15. The effects of wind turbine spillover benefit coefficient on the evolutionary stabilization

rate.

As depicted in Figure 15, when p =1 (characterize the low wind penetration sce-
nario, <10%), X,V exhibit a downward trend and Z first increase slightly, then de-
crease rapidly. The main reason is that under low wind penetration, the spillover benefits
generated by the wind power system are relatively low, which weakens the government’s
motivation to promote shore power policies, which leads to a reduced willingness among
both port enterprises and shipping companies to adopt shore power. Taking Singapore as
an example, constrained by limited land and wind resources, it has a low level of wind
power penetration and limited spillover benefits, which weakens the government'’s incen-
tive to promote coordinated shore power-wind power policies and further reduces the
willingness of both port enterprises and shipping companies to adopt shore power.

However, when p=4,7 (characterize the medium wind power share scenario, 10—
30% and the high wind power share scenario, >30%), both X,Z show an upward trend,
while V initially decreases and then increases, eventually converging toward 1. This in-
dicates that under medium and high wind power penetration conditions, as the spillover
benefits of the wind turbine power generation system increase, the government can obtain
more significant economic returns and is therefore more willing to promote the construc-
tion of shore power and related wind power facilities. Although the port enterprise expe-
riences fluctuations in willingness at the initial stage due to investment pressure, its par-
ticipation willingness gradually recovers under the guidance of government policies,
which jointly enhance the motivation of the shipping company to adopt shore power.
Taking Denmark as an example, its high wind power penetration and pronounced spillo-
ver benefits give the government stronger incentives to promote coordinated shore
power-wind power development through carbon trading and subsidies. As a result,
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Denmark’s shore power rollout is faster and exhibits a more systematic, well-structured
approach.

5. Conclusions
5.1. Research Conclusions

Based on evolutionary game theory, this study constructs a tripartite game model
involving the government, the port enterprise, and the shipping company, with a focus
on analyzing the dynamic evolution process of strategies adopted by each party under
conditions of bounded rationality. Combined with MATLAB simulations, the impacts of
different factors on the evolutionary stable strategies are systematically examined. The
results indicate that the effective promotion of shore power facilities relies on a multi-
stakeholder collaborative mechanism. Based on the above analysis, the following conclu-
sions are drawn.

(1) The initial willingness of the three-party stakeholders has a significant impact on the
evolutionary paths. When the initial willingness of two parties increases from 0.2 to
0.8, the strategy of the remaining party shifts from a passive strategy to an active
strategy. This demonstrates that when two parties exhibit relatively high willingness,
the third party is more likely to choose an active strategy and converge toward 1,
thereby promoting the evolution of a stable strategy characterized by active cooper-
ation among the three parties, namely, the implementation of policy support by the
government, the construction of shore power facilities by the port enterprise, and the
adoption of shore power technology by the shipping company.

(2) When the government implements only a single subsidy policy or a carbon trading
policy, the strategies adopted by the port enterprise and the shipping company in the
promotion of shore power tend to be passive. However, when both subsidy policies
and carbon trading policies are implemented simultaneously, the port enterprise and
the shipping company tend to adopt active strategies. Furthermore, when the sub-
sidy for shore power infrastructure construction is increased to 0.20, 0.22 and 0.24,
the subsidy for wind power system construction to 0.19, 0.21 and 0.23, the subsidy
for ship retrofitting to 0.11, 0.13 and 0.15, and the electricity price subsidy to 0.12, 0.14
and 0.16, and the carbon price is raised to 0.11, 0.16, and 0.21, the probabilities that
port enterprises choose to build shore power facilities and that shipping companies
choose to use shore power rise markedly from about 0.5 to nearly 1, driving the sys-
tem to shift from “partial participation” to “near-universal adoption.” In particular,
when subsidies and carbon prices are further increased, the evolutionary speed of
such active behaviors is markedly accelerated, which fully demonstrates the guiding
role of government shore power policies.

(3) The development of the wind turbine power generation system generates significant
spillover benefits for the government. As the spillover benefit coefficient increases by
300% and 600%, the strategy adoption probabilities of the government, ports, and
shipping companies rise markedly from about 50% to nearly 100%, thereby making
the system more likely to evolve toward an actively cooperative equilibrium. How-
ever, the construction and use of shore power and the wind turbine power generation
system exert impacts on the oil industry, which in turn weakens the government’s
motivation to support shore power. Under conditions of stable power supply, the
port enterprise and the shipping company are more inclined to adopt shore power.

5.2. Policy Recommendations

To promote the adoption of shore power, this study proposes the following policy
recommendations:
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(1) Government should promote the deployment of shore power through a synergistic
policy mix that coordinates emissions trading with fiscal subsidies. A carbon pricing
mechanism can make the benefits of emissions reductions explicit and provide sus-
tained, stable market-based incentives, while fiscal subsidies can alleviate the burden
of upfront investment and electricity-use costs. Together, these instruments
strengthen the continuity and stability of incentives across both the construction and
operational stages, thereby improving policy implementation efficiency and overall
effectiveness.

(2) During the promotion of shore power adoption, greater emphasis should be placed
on the pivotal role of ports. Policy design should focus on strengthening oversight
and constraints on ports, urging them to accelerate the construction of shore power
facilities and enhance service and supply assurance so as to provide ships with a sta-
ble and predictable environment for using shore power. This, in turn, can encourage
shipping companies to adopt shore power more proactively and consistently, facili-
tating the transition toward routine and large-scale deployment.

This study examines how heterogeneity in national energy structures affects shore
power promotion. In the model specification, wind power is used as a representative clean
energy source to characterize the combined effects of the energy mix on electricity prices,
carbon reduction, and stakeholders’ strategic choices, but other energy sources such as
solar, hydropower, and nuclear power are not incorporated. Future research could extend
this framework by integrating multiple clean energy types, thereby enabling a more sys-
tematic assessment of the applicability and effectiveness of shore power promotion poli-
cies under different energy structures.
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Appendix A. A Numerical Example for a Payoff-Matrix—Cell
(Government Implementation-Port Construction-Shipping Retrofit)

To enhance the reproducibility of the payoff matrix (Table 2), this paper provides, in
the Appendix, a numerical example illustrating the calculation of a “single payoff cell.”
We consider a representative scenario in which all parties adopt active strategies: the gov-
ernment chooses to implement the policy (Implement), the port chooses to construct shore
power facilities (Construction), and the shipping company chooses to retrofit vessels and

use shore power (Retrofit). This scenario corresponds to the cell (x’ Y ’Z) - (1’1’1) in the
payoff matrix.
As shown in Table 2, the payoff expressions for the three parties are

8 TRy +pM —ON —c, =5, 75,75, 75,
Pt A TCy TCp,y s s, oW, +PC(Q1 +Q2)

4

, and
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~c. —c, s, +s,~oW,+
By=cqmeotsyts, mol, PCQ3,Substituting the baseline parameters in Table 4 and

¢ & +0.66

computing each term yields a government payoff o , a port payoff of

+ -
£ +0.42 , and a shipping company payoff of B, +0.19 .In the above results, 8o , £y ,
and By are strategy-independent baseline terms (provided that they take the same con-
stant value across all strategy profiles). They merely shift the absolute payoff levels with-
out affecting payoff differences among strategies. Therefore, they are normalized to zero
uniformly. Under this normalization, the purely numerical payoff for this cell is 0.66, 0.42,
0.19.

Appendix B. Detailed Derivation of the Replicator Dynamic Equations
(Taking the Government as an Example)

Under the mixed-strategy assumption, port enterprises and shipping companies in-
dependently randomize their strategy choices in each round of the game. Therefore, the
joint probability of any strategy profile can be expressed as the product of the correspond-
ing marginal probabilities. In each round, there are four possible strategy combinations,
with joint occurrence probabilities given by: port enterprise invests in shore power and
shipping company retrofits, }Z; port enterprise invests and shipping company does not
retrofit, y(l -z); port enterprise does not invest and shipping company retrofits,
(l - y)z ; and port enterprise does not invest and shipping company does not retrofit,
(1 - y)(l -z). Accordingly, when the government'’s strategy is fixed to a given action (e.g.,
“implement the policy” or “not implement the policy”), the government’s expected payoff
can be written as the probability-weighted sum of its payoffs across these four cases by
summing the payoff in each strategy combination multiplied by its corresponding joint
probability, as follows.

The government’s expected payoff under the “policy implementation” strategy:

U,=z(g+R+pM- ON- ;= 5, 5,= 5,- 5,) +¥(1- 2) (g, + PM - ¢ = 5, 3,)

+z(1- y)(g- 6= 8)+(1- )(1- 2) (g, - ) (AD
The government’s expected payoff under the “non-implementation” strategy:
Uiy = vy + R+ M= N+ p(1- 2y + M)+ 2l gy [+ (1012, *2)
The government’s average expected payoff:
U,=xU +1-xU,, (A3)

According to the definition of replicator dynamics, the evolutionary equation for the

Y7

government’s
Since ﬁx =xU, + (1- X)U(l—x) , it follows that U, —Ux =(1- x)(Ux - U(l,x)) .
Substituting the probability-weighted expressions of U, and U, ) into the above

policy implementation” strategy is: F’ (x)= x(U P l_]x)

equation and simplifying by expanding the terms and collecting like terms yields the gov-
ernment’s replicator dynamic equation (Equation (A4)):

F (x) =x(x— 1)((:0 +yM+ys, +ys, tzs; —ypM — yzN- yzR, + yzR + yzs, + yzﬁN) (A4)

Similarly, the expected payoffs of port enterprises and shipping companies under
their respective strategy choices can be probability-weighted, based on which their aver-
age expected payoffs and replicator dynamic equations are constructed. This leads to the
replicator dynamic equations presented in Sections 3.4.2 and 3.4.3 of the main text (Equa-
tions (9) and (14)).
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