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Abstract: Shore power represents one of the principal solutions for the green transforma-
tion within the port industry. It significantly aids in the reduction in carbon emissions
from vessels while they are berthed in port, yet often necessitates an effective promotional
strategy to foster its installation and utilization. Stakeholders including port authorities,
ship operators, and local governments all play a crucial role in achieving this objective.
This paper employs a tripartite evolutionary game model in conjunction with a system
dynamics model to investigate the evolutionary responses of stakeholders when policy
tools are applied, and consequently, to elucidate the dynamics of strategy effectiveness. In
this context, six business scenarios are developed to ascertain the potential impacts of imple-
menting subsidies and carbon taxes. The findings demonstrate that any singular strategy;,
whether a subsidy or a carbon tax, is inadequate for the successful advancement of shore
power; on the contrary, a government-led, integrated, and dynamic reward—punishment
strategy aids in stabilizing the inherent fluctuations within this game process. Moreover,
the initial willingness of ship operators exerts a considerably greater influence than that of
the other two stakeholders.

Keywords: shore power; promotional strategies; reward—punishment; evolutionary game;
system dynamics

1. Introduction

Empirical evidence suggests that approximately 70 percent of maritime emissions are
concentrated in port areas, thereby impacting both the climate and public health within
the port vicinity as well as in adjacent urban regions. Vessels berthed at ports contribute
significantly to these emissions due to their reliance on auxiliary engines for electrical
power generation necessary for onboard functions. Shore power, which provides electricity
to ships as an alternative, emerges as a viable solution to mitigate the environmental impact
of these vessels. The structure of the shore power supply system is illustrated in Figure 1.
As per the U.S. Environmental Protection Agency, the utilization of shore power has the
potential to reduce emissions of carbon dioxide and other pollutants by up to 98% from
vessels at berth [1]. Consequently, many ports across Europe, North America, and Asia
have commenced the implementation of shore power technologies to reduce emissions and
enhance air quality in the surrounding territories [2].

Despite the considerable environmental advantages that shore power provides in
reducing maritime emissions, its development continues to encounter numerous obsta-
cles across different countries and regions, predominantly due to the financial burdens
incurred [3]. First of all, the financial investment required for the establishment of shore
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power infrastructure is considerable. Port authorities are obligated to cover not only the
expenses of constructing and upgrading berths and facilities but also the enduring oper-
ational expenditures. These substantial costs have hindered the widespread adoption of
shore power in areas lacking sufficient financial credit [4]. Ship operators are also subject
to substantial modification costs in adhering to the requirements established by the In-
ternational Maritime Organization (IMO) for shore power connections [5]. On the other
hand, the government sector functions as a pivotal agent in advancing the utilization of
shore power, motivated by the persistent imperatives of the green transition. Its supportive
policies predominantly depend on subsidies. For instance, since the commencement of
the first pilot implementation of shore power supply in Chinese ports in 2009, the Chinese
government has initiated a series of supportive policies and significant subsidies for port
authorities and ship operators [6]. The UK’s Maritime 2050 Strategy, released in 2019, also
articulated the government’s plans to contemplate subsidies and investments to enhance
the adoption of shore power in ports and ships [7]. Similarly, South Korea and the United
States government provide analogous subsidy policies to ships registered under their flags
or to state-owned ship operators [8]. Unfortunately, the outcomes of these policies have thus
far been disappointing. For example, according to Clean Air Asia, the average utilization
rate across five selected sample ports was 17%, which is considerably below the Ministry of
Transport’s goal of promoting the normalization of shore power usage. Similarly, the UK is
one of the countries actively promoting shore power technology; however, the deployment
progress has been very slow so far [9]. Scholars assert that the primary reasons for this are
either a lack of long-term sustainability in the current subsidy policies or the ambiguity
surrounding the subsidy mechanisms [10].

Shore-Based Power Ship-to-Shore
Supply System Connection System

Substation

Retrofitted Vessels

Figure 1. Schematic diagram of shore power system.

In recent years, the carbon tax has been demonstrated as an effective policy tool in mit-
igating carbon emissions and may serve as an additional alternative to foster the utilization
of shore power [11]. According to the World Bank, over 46 countries and 32 regions globally
have implemented or are in the process of enacting 30 policies related to carbon taxation [12].
The Swedish carbon tax achieved a reduction in CO, emissions from the transportation sector
by an average of 6% between 1990 and 2005 [13]. Implementing a carbon tax priced at USD
40 per ton of CO, emissions, which covers 30% of emissions across 15 EU countries, results in
a cumulative reduction in carbon emissions ranging from 4% to 6% [14]. Consequently, the
imposition of a carbon tax on port authorities and ship operators could constitute an additional
strategy to facilitate the implementation and adoption of shore power systems. In other words,
subsidies and carbon taxes represent two principal approaches by which governments might
steer the development of shore power. Nevertheless, due to the intricate nature of promoting
shore power, which encompasses a complex system with multiple stakeholders’ involvement,
assessing the relative efficacy of these policies and formulating effective mechanisms continues
to pose a substantial challenge [15].

This study aims to formulate a tripartite system dynamics (SD) evolutionary game model,
encompassing three principal stakeholders: the government, port authority, and ship opera-
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tors. The intention is to investigate the feedback mechanisms and interactions among these
stakeholders within the framework subjected to dual policy measures of subsidies and carbon
taxes. Furthermore, it evaluates the likelihood of strategic decisions among the trio of entities
and examines the repercussions of subsidies and carbon taxes on the evolution of the system.
System dynamics is employed to model intricate nonlinear behavioral dynamics and to address
challenges related to protracted industry cycles and ambiguous data. The decision-making
processes of the three stakeholders are replicated using the replicator dynamic equations. The
principal contributions of this paper are delineated as follows:

(1) By developing an evolutionary game model that integrates subsidy and carbon tax
policies and coupling it with a system dynamics framework, this study investigates
dynamic decision-making processes in shore power systems to identify critical factors
and optimization pathways.

(2) This study presents an examination of a dynamic reward-penalty mechanism, analyzing
the impact of six distinct reward—penalty strategies on prompting shore power utilization.
The results elucidate the optimal strategies for advancing shore power development,
taking into account the involvement of multiple stakeholders, thereby offering a scientific
foundation for policy formulation in the context of shore power advancement.

The organization of the remainder of this paper is as follows: Section 2 offers a compre-
hensive review of the pertinent literature. Section 3 delineates the problem and associated
assumptions, thereby formulating an SD evolutionary game model in the context of sub-
sidy and carbon tax policies. Section 4 conducts the numerical simulation utilizing Vensim
PLE 7.3.5 software, investigating the evolutionary trajectories under various mechanisms.
Sections 5 and 6 present the research findings and conclusions, respectively.

2. Literature Review
2.1. Shore Power Development and Benefits

High-voltage shore power technology was firstly applied at the Gothenburg ferry
terminal in Sweden in the year 2000. Following this, the adoption of the technology
expanded globally to include countries such as China, Japan, Norway, France, Italy, Spain,
Latvia, Estonia, and Belgium, among others. Empirical applications have since illustrated its
considerable potential for environmental protection, while researchers have been attracted
to investigate its impact on economies of scale. Tseng and Pilcher [16], for example,
performed a comparative analysis utilizing Kaohsiung as a case study, which suggested
that the implementation of shore power could lead to a reduction in environmental costs
by approximately USD 2.8 million, contingent upon a 60% market share of shore power
adoption. Gutierrez-Romero et al. [17] undertook a similar study on the Port of Cartagena
in Spain, examining port traffic data from 2010 to 2016. Their findings indicated that
the adoption of shore power could result in a reduction of over 10,000 tons of carbon
dioxide annually. Extending the scope of analysis beyond a singular port, Winkel et al. [18]
evaluated the economic and environmental impacts attributable to shore power utilization
in European ports, arriving at a similar conclusion that its utilization could potentially
lower carbon emissions by up to 800,000 tons of CO; across EU ports by 2020. On a
global scale, Hall [19] employed electricity supply and atmospheric emission data from the
International Energy Agency (IEA) to appraise the decrease in carbon dioxide emissions
following the adoption of shore power. His conclusion posits that the adoption of shore
power can substantially diminish CO, emissions in numerous major maritime nations, with
Norway achieving the most significant reduction, achieving a decrease in carbon dioxide
emissions by 99.5%.

Beyond the environmental advantages of shore power, scholars have investigated its
benefits from other perspectives as well. For example, Spengler et al. [20] estimated the
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overall external costs associated with pollutant emissions from ships docked within the
Spanish port system, taking into account their effects on both local and global environments.
Their findings suggest that the implementation of shore power at the Port of Barcelona
could result in a reduction in external costs by EUR 84.4 million. Merkel et al. [21] evaluate
the potential socio-economic effects of public investment in shore power by utilizing an
investment appraisal model. The outcomes of this study signify that investing in shore
power can be beneficial and enhance welfare, particularly when targeted towards nonlinear
(tramp) shipping segments. Furthermore, Ballini and Bozzo [22] performed a cost-benefit
analysis from a societal perspective, employing the External Valuation of Air Pollution
Model (EVA) to assess the introduction of shore power at Copenhagen’s new cruise terminal.
The study concludes that the implementation of shore power at Copenhagen’s terminals
is highly cost-effective from a socioeconomic standpoint, with the external health costs
anticipated to offset the infrastructure’s construction costs within 12-13 years.

2.2. Prompting the Adoption of Shore Power

Government agencies have been recognized as the principal advocates in promoting
the adoption of shore power [23], with subsidies frequently employed as the primary strat-
egy in this endeavor [24-26]. The efficacy of subsidy policy in facilitating a green transition
has been demonstrated by numerous studies, particularly with respect to reducing carbon
emissions [27], promoting green technology innovation [28], and augmenting corporate
environmental awareness [29-31].

With respect to the specific issue of subsidies in shore power adoption, for instance,
Sheng et al. [32] and Zhao et al. [33] utilized evolutionary game models to examine the
influence of subsidies on the interactions among governments, port authorities, and ship
operators, as well as the interactions between governments and dual ports, respectively,
within the scope of shore power promotion. Both investigations elucidated the crucial
role of subsidies in facilitating stakeholder collaboration. Wang et al. [34] focused on
distinct subsidy schemes and utilized a stochastic optimization model to analyze the
development of policies for shore power usage subsidies. However, this study disregards
the consideration of subsidies at the port level and the strategies associated with such
subsidies. Subsequently, Wang et al. [35] employed the Stackelberg game framework to
examine the intricacies of governmental subsidy design and selection, in addition to the
investment and pricing strategies adopted by ports. The findings indicate that it would
be prudent for the government to initially augment subsidies for the development of
shore power infrastructure, subsequently followed by an enhancement of subsidies for the
operational aspects of shore power systems.

While subsidy policies have demonstrated beneficial impacts, these studies tend to
neglect the inherent limitations associated with such subsidies. For example, Song et al. [36]
formulated a Nash game model to analyze the decision-making processes concerning shore
power usage by two ship operators. Their findings reveal that, although governmental
intervention through subsidies can effectively alleviate the prisoner’s dilemma experienced
by these companies, it also incurs a substantial financial burden on the government. In
a comparable vein, Chen et al. [37] and Xu et al. [38] integrated the government, port
authorities, and power companies, as well as the government, port authorities, and ship
operators into their respective game frameworks. Employing evolutionary game theory,
both investigations illustrated a tendency for governmental bodies to progressively dimin-
ish fiscal outlays (e.g., subsidy reductions or market withdrawal) concomitant with the
maturation of the shore power system. Unfortunately, these scholars, despite acknowledg-
ing the limitations of subsidy policies, have not put forward concrete solutions to mitigate
these issues.
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2.3. Carbon Taxation as a Potential Policy Supplement

Taxes are frequently regarded as a policy instrument that influences environmentally
sustainable decision-making [39-41]. A substantial body of literature exists on environ-
mental taxes broadly, and more recently, with particular emphasis on carbon taxes [42-45].
Utilizing the case of Finland as an exemplar, Mideksa [46] employed the Synthetic Control
Approach to estimate that the imposition of the Finnish carbon tax resulted in a reduction
in CO, emissions by 16% in 1995, 25% in 2000, and 31% in 2005, in comparison to scenarios
without the tax. The deployment of a carbon tax has demonstrably yielded substantial
outcomes in terms of emission reduction.

As a result, numerous scholars associate the imposition of a carbon tax with economic
sectors that are heavily reliant on energy, typically including the transportation industry.
Zhou et al. [47] employed a CGE model to examine the potential impact of carbon pricing
on China’s transportation industry. Their findings demonstrate that a finely tuned carbon
tax can substantially mitigate carbon emissions within this sector. Furthermore, they
propose the implementation of differentiated carbon tax rates across various transportation
modalities and energy types. Regarding the maritime sector, the Marine Environment
Protection Committee (MEPC) of the International Maritime Organization (IMO) endorsed
the establishment of a prolonged carbon tax applied to ports [48]. Zhen et al. [49] claimed
that carbon tax policies, except for berth priority incentives, might be more effective than
subsidy schemes in their deployment of shore power systems study. Nevertheless, the
implementation of carbon tax policies frequently encounters considerable opposition, and
it is judicious to integrate them with compensatory measures [50]. Therefore, in the future
promotion of shore power, how to effectively combine subsidy policies with carbon tax
policies to develop a reasonable policy framework is a key issue. Moreover, the variance
in carbon tax rates among various nations is considerable, with rates extending from
a minimum of USD 0.08 per metric ton of carbon dioxide in Poland to a maximum of
USD 129.89 per metric ton in Sweden. This disparity often arises from a complex balance
involving elements such as economic conditions, energy considerations, policy frameworks,
and international relations unique to each nation.

Despite the considerable advantages of shore power technology, analysis of the existing
scholarly literature reveals that a singular policy approach, whether it be a subsidy or carbon
tax, may prove effective in reducing carbon emissions; however, such approaches face
challenges in their short- or long-term implementation. Therefore, the issue of effectively
integrating subsidy policies with carbon tax policies to formulate a policy framework that
incorporates both incentives and punishments, as well as sustainability, has become a
pivotal concern for the progress of shore power promotions.

3. Problem Description and Research Methodology
3.1. Problem Description

With respect to the utilization of shore power, the contributions of port authorities
and ship operators are significantly influenced by governmental policies. Consequently,
active governmental involvement is imperative, utilizing either supportive policies such
as subsidies or punitive measures such as carbon taxes, or a combination of both. Never-
theless, the divergent interests of governments, port authorities, and ship operators result
in intricate strategic interactions among these entities, as illustrated in Figure 2. Conse-
quently, this paper develops an evolutionary game model among these three stakeholders
to enhance the understanding of the evolutionary dynamics impacting their strategic
decision-making processes.
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Figure 2. Group logic diagram of the tripartite game.

3.2. Game Model

Traditional game theory assumes complete rationality and perfect information among
participants [51], focusing on rational decision-making and equilibrium analysis. However,
evolutionary game theory replaces the perfect rationality assumption with a dynamic
framework, achieving equilibrium through iterative strategy adjustment and learning. This
theory provides unique advantages in addressing long-term equilibrium challenges in
economics, management, social sciences, and engineering [52].

3.2.1. Assumptions and Parameters

”

(1) At the onset of the game, the likelihood of governments selecting the “to promote
strategy is denoted by x, while the probability of choosing the “not to promote
strategy is represented by 1 — x. Similarly, the probabilities of port authorities opting
for “to construct” and “not to construct” strategies are y and 1 — y, respectively.

”

”

Likewise, the probabilities of ship operators selecting the “to use” and “not to use
strategies are z and 1 — z. These probabilities are constrained within the range
0<x<1,0<y<l,and0<z <1

(2) The government’s fundamental benefit is represented as G;. An expenditure related
to the policy implementation of Cg occurs when the government adopts the strategy
of “promotion”. The successful utilization of shore power results in an additional
benefit of G, for the government. In contrast, when the government opts for the
strategy of “not to promote”, the effective utilization of shore power results in a
diminished additional benefit of G3, with G, > Gj3 reflecting the typically greater
benefits of government incentive policies. Should the government prove ineffective in
promoting shore power, it results in a diminution of social and environmental benefits
and consequently incurs a loss denoted as C,. Throughout the policy implementation
phase, the government provides financial assistance to port authorities engaged in
the development of shore power infrastructure. These subsidies, designated as s;
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and sy, pertain to the support of infrastructure construction projects and the coverage
of operation and maintenance expenditures for shore power facilities, respectively.
Moreover, the financial subsidy for shipping enterprises, identified as s3, pertains to
the compensation for the differential in electricity pricing associated with shore power.
For port authorities, the foundational advantage of opting not to establish shore power
is denoted as P;. Selecting the strategic course to “construct” entails incurring the
expenditures related to the implementation of shore power, represented by C,, in
addition to the expenses associated with the operation and maintenance of shore
power facilities, depicted as Cy,. The adoption of shore power by ship operators
confers a benefit to the port authorities, identified as P,. Furthermore, the port
authorities receive financial support from the government in the form of a construction
subsidy, s1, and an operational subsidy, s,. Conversely, if the port authorities elect the
strategy “not to construct”, the local government will implement a carbon tax, T.
The fundamental benefits afforded to ship operators are I;. Upon selecting the strategy
“to use”, ship operators incur ship modification costs denoted as Cs. They also face
expenses associated with utilizing shore power, represented by F,. Additionally, ship
operators benefit from government-provided subsidies on shore power electricity
pricing, noted as s3. Given that the majority of vessels docking at the port are regis-
tered outside the local jurisdiction, it poses a challenge to accurately assess the subsidy
associated with the modification of ship reception equipment within the government’s
revenue framework. Consequently, this paper considers the subsidy for the modifica-
tion of ship reception equipment, s4, as an exogenous variable, appearing exclusively
in the revenue function of ship operators. In instances where ship operators opt for
the strategy “not to use”, the expense incurred for utilizing auxiliary engine power
generation is denoted as C,, and the local government imposes a carbon tax, T.

Table 1 presents the model variables alongside their corresponding explanations.

Table 1. Model variables and the explanations.

Parameter Definition

Gy Government’s initial social benefits

Gy Benefits of government from the shore power use by ships

Gs Government’s benefits after ships using shore power in the case of without policy
P Port’s initial incomes

Py Benefits of port form the shore power use by ships

L Shipping operators’ initial earnings

S1 Subsidies for shore power infrastructure construction projects

S2 Subsidies for the operation and maintenance costs of shore power facilities

s3 Subsidies for the electricity price difference of shore power

S4 Subsidies for the modifying of ship reception equipment

Cg Costs of government for promoting the shore power policy

Ce Losses incurred by the government due to unsuccessful promoting of shore power
Cp Costs of port for constructing shore power facilities

Cm Operation and maintenance costs of shore power facilities

Cs Costs of modifying power receiving equipment

Co The cost of using fuel for ships

Fo The fees paid by ships for shore power

T Carbon tax

3.2.2. Model Solution

Utilizing the aforementioned assumptions and model parameters, this study devel-

ops the payoff matrices pertinent to the tripartite game involving the government, port
authorities, and ship operators, as illustrated in Tables 2 and 3.
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Table 2. The revenue matrix in the case of government promotion.

Port Authorities/Ship Operators Use (2) Not Use (1—2z)
G1+G2781*S2*S3*Cg G1+T7s17Cnge
Construct (y) Py +Py+s;+s0—Cp—Cn P1+s1—Cp
I +s3+s4—Cs—F, L[ -C—-T
G1+T7Cg7Ce G1+T*Cgfce
Not construct (1 — y) P-T Py — %T
L4+s-C -G L —Co—iT

Table 3. The revenue matrix in the case without government promotion.

Port Authorities/Ship Operators Use () Not Use (1—2)
G1 +G3 G —Ce
Construct (y) P +P, —Cp—Cny P —-Cp
Il - Cs - Fo Il - Co
G —-Ce G —Ce
Not construct (1 — y) Py Py
Il_cs_co Il_co

First of all, the anticipated return for the government when opting for the “to promote”
strategy is represented as G, whereas the expected return for selecting the “not to promote”
strategy is G;_,. The government’s average revenue is denoted by G, and the associated
replication dynamic equation is expressed as F(x):

Gx=yz(G1+Gy—s1—s5 =53 —Cg) + (1= y)z(G1+T—Cg —Ce) +y(1—2)(G1 +T—51 —Cg —Ce) + (1 —y)(1 —2)(G1 + T—Cg — Ce) (1)
Gy =yz(G1 + G3) + (1 = y)2(G1 — Ce) +y(1 = 2)(G1 — Ce) + (1 — y)(1 — 2)(G1 — Ce) )

The average anticipated return to the government can be expressed as follows:

G =xGx + (1 —x)G1_« 3)
The formulation of the government’s replication dynamics is articulated as follows:
d _
F(x) = di)t( =x(Gx — G) = x(x —1)(Cg + s1y + s2yz + s3yz — T+ Tyz — Goyz + Gzyz) 4)

In subsequent analysis, the anticipated return for port authorities opting for the “to
construct” strategy is represented by P, whereas the anticipated return for selecting the
“not to construct” strategy is denoted as P; . The average profit of port authorities is given
by P, and the replication dynamic equation is represented as F(y):

Py =xz(P1 +Py+s1+5 —Cp—Cm)+ (1 —=x)z(P1 + P, = Cp — Cm) + x(1 = 2)(P1 + 51 — Cp) + (1 = x)(1 —2)(P; — Cp) (5)
Py, =xz(Py = T) + (1 =x)z(P) + x(1 - z) <P1 - ;T) +(1-=x)(1—-2)(P;) (6)

The anticipated average return for port authorities can be articulated as the follow-
ing expression:
P=yPy+(1-y)Pry 7)

The mathematical representation delineating the replication dynamics within port
authorities is articulated as follows:

d = T T
F(y) = di}t] = y(Py - P) =y(1l-y) (Pzz —Cmz — Cp +s1x +sxz + EX + 2xz) (8)

Ultimately, the anticipated return for ship operators opting for the “to use” strategy
is denoted as S,, whereas the expected return for selecting the “not to use” strategy is
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represented as S;_,. The mean profit for ship operators is indicated by S, and the replication
dynamic equation is expressed as F(z):

Sy=xy(I1+s3+s4—Cs—Fo)+(1=x)y(I1 —Cs —=Fo) +x(1 —=y)I1 +s84 —Cs —0) + (1 —=x)(1 —y)(I1 = Cs — Cop) 9)

S1_, =xy (Il —Co—-T+(1—-x)y(l1 —Co) +x(1—y) (Il —Co — ;T) +(1-x)(1—-y)(I; —Co) (10)

The average expected return to ship operators can be written as follows:
S=25+(01-2)S_, (11)
The equation for the replication dynamics of ship operators is expressed as follows:

F(z) = % =2(5,-5) =2z(1-2) (Coy — Foy — Cs + s3Xy + s4x + ;X + gxy> (12)
Under the assumption that the dynamic equation of replication is set to zero, there are
eight distinct special equilibrium solutions and one general equilibrium solution obtained
as follows: V; = (0,0, 0), V, = (0,0, 1), V3 = (0,1,0), V4, = (0,1, 1), V5 = (1, 0, 0),
Vo=(1,1,0),V,=(1,0,1), Vg = (1, 1, 1),and Vo = (x4, ¥+, 2«)

As proposed by Friedman [53], in the context of replicated dynamical systems, it
is imperative to focus exclusively on the asymptotic stability of the initial eight special
equilibrium points. The remaining equilibrium points exhibit a non-asymptotic stability
and are therefore not detailed in this analysis. The aforementioned eight special equilibrium
points are incorporated into Jacobi’s Equation (13), and the eigenvalues for each equilibrium
point are subsequently computed.

Df(x) Df(x) Df(x)

dx d(y dz

e 13)
Df(z) Df(z) Df(z)
dx dy dz

As posited by Khalil [54] in the stability theorem, an equilibrium point is characterized
as unstable if all eigenvalues corresponding to the equilibrium points within the matrix are
positive. When the eigenvalues exhibit a mixture of positive and negative signs, the equilib-
rium point is referred to as a saddle point, which similarly denotes instability. Conversely,
when all eigenvalues are negative, the equilibrium point represents an evolutionary stable
strategy (ESS), as demonstrated in Table 4.

Table 4. Eigenvalues of Jacobi matrix.

Equilibrium Points M A2 A3

0,0,0) —-Cg—T —Cp —Cs

0,0,1) T-Cq P, —Cm—Cp Cs

0,1,0) T-Cq — 51 Cp Co—Cs—Fo

0,1, 1) Gy — G37Cg —81 —S —S3 Cm+Cp — P2 Cs+Fo, —C,

(1,0,0) Ce—T —Cp+s51+T/2 —Cs+s4+T/2

(1,1,0) Cg+s1—T Cp—51—-T/2 Co—Cs—Fo+s3+s4+T
(1,0,1) Cg—T P —Cm—Cptsy +s2+T Cs—s4—T/2

(1,11 Cg—G2+G3+Sl+52+S3 CP—P2+Cm—Sl—Sz—T —Co+Cs+Fy—s3—54—T

3.3. System Dynamics Model Construction

The system dynamics model serves as an efficacious framework for the analysis of
core determinants affecting strategic decision-making among stakeholders, and it was
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Government(x)

Government’s benefits after ships
using shore power in the case of
without policy(G3)

x/dt .
government due to unsuccessful

promoting of shore power(Ce)

found that it was well suited to strategic issues and could provide a useful tool for sup-
porting policy analysis and decision-making in the transport field [55]. Furthermore, when
amalgamated with evolutionary game theory, this integration illustrates considerable the-
oretical benefits, facilitating enhanced visualization and comprehensive examination of
system development trajectories. In reaction to the government’s proactive advocacy for
the implementation and advancement of shore power technology, port authorities and ship
operators are anticipated to revise and enhance their strategic approaches in accordance
with governmental incentive policies.

Figure 3 illustrates the application of the Vensim PLE 7.3.5 software to implement the
tripartite evolutionary game SD model, employing the variables of level, rate, intermediate,
and external, quantified as 3, 3, 6, and 19, respectively. The probabilities of all stakeholders’
positive attitudes are indicated by the level variables in this model at the rate (i.e., rate
variable) of %' %, and % respectively. Furthermore, within the tripartite evolutionary
game SD model, the functional interrelations among level, rate, intermediate, and external
variables are fundamentally derived from the preceding analysis of the tripartite game and

the replicated dynamic equations.

Port authorities(y) I Benefits of port form the
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The anticipated benefits of

(P2)
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power facilities
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Figure 3. System dynamics model.

4. Model Simulation Analysis
4.1. Data Source

This empirical analysis is conducted through a case study of China, which has commit-
ted to reducing carbon emissions through various means and is actively advocating for the
implementation of shore power systems. According to Qu [56], a survey conducted at 13 se-
lected Chinese ports indicates that the shore power system installations have achieved a
market share of 73%, despite the average utilization rate being only 17%. Consequently, it is
deemed appropriate to establish the initial propensities of the three designated stakeholders
toward the advocacy of shore power promotion as x = 0.9,y = 0.73, and z = 0.17.

The remaining practical parameters are gathered from the ports of Shanghai and
Ningbo [57,58], which rank as the top two busiest ports in China and are considered rep-
resentative. The shore power system is evaluated using a singular high-voltage shore power
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system (HVSC) installed at a berth with a capacity of 100,000 tons. A singular HVSC system in-
curs a typical cost of approximately USD 1.18 million and yields environmental benefits valued
at approximately USD 0.42 million [38]. For a berth with a capacity of 100,000 tons, equipped
with an HVSC system, and assuming exclusive utilization of shore power by all docked vessels,
the peak power consumption may attain up to 14 million kWh. To more accurately reflect plau-
sible scenarios, assuming the power consumption amounts to 10 million kWh, and assessing
a shore power usage fee of 0.071 USD/kWh to ship operators, this scenario would culminate
in an economic benefit of approximately USD 0.71 million. The current average carbon tax
rate is around 37.8 USD/ton [12], and with an auxiliary engine power generation emission
factor of 719 g/kWh, the carbon tax payable would be approximately USD 0.272 million. In
the following analysis, the parameter units are in million USD. Unless otherwise specified, the
input parameter values are the same as those shown in Table 5.

Table 5. The value of parameters.

Parameter X y z Cg Cm Cq Cp Co F,
Values 0.90 0.73 0.17 0.14 0.28 0.28 1.2 0.56 0.42
Source [56] [56] [56] [32] [32] [32] [38] [32,59] [32,59]

Parameter P, S1 Sy s3 Sg T G, G3
Values 1.13 0.36 0.17 0.28 0.17 0.27 1.69 14
Source [38,60] [57] [57] [57] [58] [12] [32] Model assumption

4.2. Static and Singular Policy Approach

An analysis through simulation of the evolutionary game model was conducted, which
involved the formulation of two scenarios: the first scenario incorporated only the subsidy
policy (T = 0), whereas the second scenario integrated solely the carbon tax policy (s; = 0,
s» = 0,53 = 0, and s4 = 0). Concurrently, a sensitivity analysis was executed for both the
subsidy policy and the carbon tax policy, with adjustments being implemented at a 10%
variation. The investigation assesses the influence of various policies on the three primary
stakeholders engaged in the advancement of shore power, as depicted in Figures 4-7.

1 T T T T T T T T

—#— Government(x)
Port authorities(y)
------------ Ship operators(z)

0.75

)
! 0.5

0.25

0 T OO W ..

0 10 20 30 40 50 60 70 80 90 100

Figure 4. The single subsidy policy (T = 0).
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Figure 5. The evolution of tripartite behavior under static subsidy policy. (a) Increase in subsidy.
(b) Reduction in subsidy.
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Figure 6. The single carbon tax policy (s; = 0,sp = 0,s3 = 0, and s4 = 0).
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Figure 7. The evolution of tripartite behavior under static carbon tax policy. (a) Increase in carbon tax.
(b) Reduction in carbon tax.

4.2.1. Subsidy-Only Approach

As demonstrated by Figure 4, the evolutionary trajectories of port authorities and
ship operators gradually converge and stabilize at zero over time. This implies that all
three entities adopt a passive strategy. Consequently, within the singular framework of
the subsidy policy, the resulting evolutionarily stable state of the stakeholder game in
promoting shore power is suboptimal.

The port authority exhibits the most significant rate of development, contrasting with
the government, which evolves at the least rapid pace. The primary reason for this disparity
lies in the fact that the port authority bears the majority of expenses related to the develop-
ment, operation, and maintenance of the infrastructure essential for promoting shore power.
Although fixed subsidies initially serve as incentives for the port authority, this financial
support ultimately becomes inadequate over time to mitigate the government’s long-term
economic responsibilities. Additionally, the profitability of shore power facilities largely
depends on the level of engagement by ship operators. This reliance poses challenges for
the port authority in maintaining high operational costs in the short term, precipitating a
rapid decision to disengage.

For ship operators, the initial significant involvement of the government, alongside the
comparatively considerable participation of the port authority in the early stages of subsidy
policies, confers beneficial short-term economic gains for the implementation of shore
power. Nonetheless, as the provider of shore power infrastructure, the port authority’s re-
duced participation results in a decline in the quality or availability of shore power services.
The governmental subsidies are insufficient to thoroughly offset costs, consequently dimin-
ishing the likelihood of ship operators adopting shore power solutions. This elucidates
why the developmental trajectory of ship operators showcases an initial rise followed by a
subsequent decline. Finally, the financial burden associated with extended subsidization
deters the government from continuing the promotion of shore power development. How-
ever, given that the government must balance multiple objectives, including environmental
protection, fiscal stability, and socio-economic advancement, its decision to disengage is
carried out with increased caution. Consequently, the government’s developmental pace is
the slowest.

To further substantiate the significance of subsidies, a sensitivity analysis was con-
ducted over an interval of [-30%, +30%]. As depicted in Figure 5, irrespective of whether
the subsidy is augmented or reduced, this modification solely influences the evolutionary
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rates of the three parties without altering the ultimate evolutionary outcome. From a
theoretical standpoint, reliance solely on subsidy adjustments is inadequate to achieve
the desired effect. An increase in subsidies imposes a fiscal burden on the government,
rendering the policy unsustainable, whereas a decrease in subsidies diminishes the incen-
tive effect.

4.2.2. Carbon Tax-Only Approach

Implementing a carbon tax in lieu of subsidies as the promotional strategy, it is evident
from Figure 6 that in contrast to the subsidy policy, the government’s evolutionary outcome
under the carbon tax policy transitions from 0 to 1. This occurs because the carbon tax
policy does not impose any adverse financial burden on the government; rather, it generates
fiscal revenue. This positive economic feedback mechanism facilitates the government’s
sustained high level of participation over the long term. Furthermore, the evolutionary
trajectory of ship operators alters from an initial increase followed by a decline to a con-
sistent decline. This is attributable to the carbon tax amount being comparatively smaller
than the subsidy, which fails to significantly increase the cost of utilizing traditional fuel.
Consequently, ship operators ultimately opt not to modify their existing strategy, resulting
in a downward trend in participation from the outset. For port authorities, although their
behavior is directly constrained by the carbon tax, the penalty for not constructing shore
power facilities is insufficient to offset the high construction costs, making it difficult to
drive their enthusiasm. Moreover, the lack of increased demand for shore power usage
from ship operators further weakens the port authorities’ revenue expectations.

Figure 7 illustrates that variations in the carbon tax, whether incremental or decre-
mental, do not modify the evolutionary outcomes for the three entities involved. This
observation parallels the sensitivity analysis of the singular subsidy policy, indicating that
any single policy framework is insufficient to influence the ultimate evolutionary trajectory
of the system.

4.3. Static and Dual Policy Approach

During the phase of shore power development, a singular static incentive policy
implemented by the government proves inadequate in harmonizing the interests of port
authorities and ship operators. Conversely, a static reward-and-punishment policy is
proposed to optimize collective behavior and systematically examine the influence of key
factors on group dynamics, as demonstrated in Figures 8 and 9.

Comparing Figures 4 and 6, Figure 8 demonstrates that the implementation of a com-
bined incentive and punitive policy substantially elevates the likelihood of shore power
adoption within the market in the short term. Unfortunately, over the long term, the
evolutionary trajectories of port authorities and ship operators exhibit fluctuations in re-
sponse to alterations in governmental strategies. The rationale is that within a framework
of dual policies, the financial disbursements through government subsidies surpass the
income derived from carbon taxes, thereby exerting fiscal pressure on the government.
This pressure becomes increasingly notable as the expansion in the scale of shore power
promotion demands that the government assumes higher subsidy expenditures. Such
fiscal stress necessitates periodic adjustments in the government’s promotional endeavors.
Port authorities encounter substantial costs associated with infrastructure development,
operational procedures, and maintenance, whereas ship operators are obligated to upgrade
equipment, incurring further financial burdens. These elements lead to a swift adjustment
in the strategic approaches of port authorities and ship operators in reaction to policy
modifications. Moreover, market actors generally display a deferred response to policy
alterations, necessitating time to discern policy signals. This temporal lag elucidates the
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inconsistency observed in the fluctuation cycles among the three entities. In essence, under
a static and dual policy framework, the three parties are unable to attain an optimal equi-
librium strategy through repeated strategic interactions. However, relative to a singular
policy, the static reward-and-penalty approach compels port authorities and ship opera-

tors to accord greater significance to the shore power promotion initiative prescribed by
the government.
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Figure 8. The static and dual policy.

Figure 9a illustrates that a concurrent increase in subsidies and carbon taxes alters
the evolutionary rates of the three parties; however, the system persists in a fluctuating
state, suggesting the absence of an optimal strategy for any party. Figure 9b indicates that
when both subsidies and carbon taxes are diminished by 10%, the system shifts from a
fluctuating state to a stable state, wherein an optimal mixed strategy (1, 0, 0.23) emerges. A
continuous reduction exceeding 20% results in the occurrence of a stable strategy (1, 0, 0).
Figure 9c¢,d reveal that variations, whether subsidies rise while carbon taxes fall or vice
versa, exert minimal influence on the system’s evolution.

Thus, under the static reward-and-punishment policy, while a concurrent reduction in
subsidies and carbon taxes can transition the system from a fluctuating to a stable state, this
stability is predicated on low enthusiasm levels, potentially impeding the promotion and
development of shore power. The fundamental reason is that the simultaneous reduction in
subsidies and carbon taxes attenuates the strength of policy intervention. Due to insufficient

incentives and diminished economic pressure, stakeholders are inclined towards more
conservative and stable strategies.
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Figure 9. The evolution of tripartite behavior under static reward-and-penalty policy. (a) Simul-
taneous increase in subsidy and carbon tax. (b) Simultaneous reduction in subsidy and carbon
tax. (c) Increase in subsidy and reduction in carbon tax. (d) Reduction in subsidy and in-crease in
carbon tax.

While the static reward-and-penalty policy offers certain incentives for the advance-
ment of shore power systems, the preceding analysis indicates that it either results in
considerable system fluctuations across various scenarios or descends into a stable state
characterized by minimal enthusiasm due to inadequate incentives. Static policies demon-
strate a lack of flexibility and encounter challenges in adapting to the dynamic alterations
in stakeholder interests and the long-term developmental requirements of the system.
Consequently, it is imperative to reform the policy framework to fine-tune the intensity of
subsidies and carbon taxes in response to the evolving behaviors of stakeholders.

4.4. Dynamic and Dual Policy Approach

As outlined in the preceding analysis, it has been established that the government is
encountering escalating fiscal pressures. To address this predicament, the present study
will posit that subsidies allocated to port authorities and ship operators are characterized by
a linear inverse correlation with the likelihood of participants adopting proactive strategies.
Furthermore, to alleviate the disproportionate impact of carbon taxes on social welfare, at
the same time, augmenting the economic burden associated with the non-utilization of
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shore power serves to foster a shift towards environmentally sustainable practices. This
study will also assert that the carbon taxes imposed on port authorities and ship operators
exhibit a linear inverse correlation with the probability of these participants adopting
proactive strategies. Referring to previous literature [61,62], we define S;, S5, S3, S, T, and
T, as auxiliary variables, as detailed below.
S1=(1-y)s (14)
Sp=(1-y)s (15)
Sy = (1—2)s (16)
Sy = (1—2)s4 (17)
T,=T+(1-y)T (18)
T,=T+(1-2)T (19)
The substitution of Equations (14)-(19) into the payoff matrix yields the evolutionary
trajectories of the three parties across three distinct dynamic mechanisms of reward and
punishment. Additionally, the influence of critical factors on group dynamics is illustrated
in Figures 10-15.
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Figure 10. The static subsidy and dynamic carbon tax policy.
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Figure 15. The evolution of tripartite behavior under the dynamic subsidy and dynamic carbon tax
policy. (a) Simultaneous increase in subsidy and carbon tax. (b) Simultaneous reduction in subsidy
and carbon tax. (c) Increase in subsidy and reduction in carbon tax. (d) Reduction in subsidy and
in-crease in carbon tax.

4.4.1. Static Subsidy and Dynamic Carbon Tax Policy

Figure 10 demonstrates that under the implementation of static subsidies and a dy-
namic carbon tax policy, the evolutionary trajectory of the system exhibits frequent oscilla-
tions between 0 and 1 across various periods. These fluctuations manifest in a sequence
involving the government, port authorities, and ship operators. This phenomenon arises
because static subsidies exert ongoing financial pressure on local governments, while
revenues from the dynamic carbon tax mechanism diminish as port authorities and ship
operators adopt proactive measures. Consequently, the financial burden on the government
to promote shore power increases, prompting the government to refrain from advocat-
ing for shore power when the market performs optimally to minimize costs. Conversely,
once promotion ceases, port authorities and ship operators resort to passive strategies
attributable to the withdrawal of subsidies and carbon tax exemptions. As the shore power
market underperforms, the government reinitiates efforts towards its development, thereby
inducing cyclical fluctuations. This pattern parallels the outcomes observed under the
antecedent static reward-and-penalty policy. It suggests that the introduction of a dynamic
carbon tax policy is insufficient to alter the system’s fluctuating state, entrapping the three
entities in a continuous cycle of strategic repetition and uncertainty.
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Figure 11 illustrates the dynamics of strategic interactions through sensitivity analysis.
In Figure 11a,c, the evolutionary trajectories of the three entities display considerable
oscillatory behavior, failing to attain a state of stability. Conversely, in Figure 11b, a 30%
reduction in both subsidies and carbon taxes results in the convergence of the three entities
to the mixed strategy (1, 0, 0.3). This suggests that the static nature of subsidies and their
reduction mitigate the government'’s fiscal responsibilities in promoting shore power while
sustaining its commitment, consistent with conclusions previously reached. The diminution
of both subsidies and carbon taxes diminishes the efficacy of the incentive and sanction
frameworks, resulting in a diminished degree of overall participation within the system. In
Figure 11d, a 30% reduction in subsidies combined with a 30% increase in carbon taxes leads
to the convergence of the parties to the mixed strategy (0.44, 0.49, 0.96). This outcome arises
because the static subsidy and dynamic carbon tax approach ensures the government’s
initial resolve through subsidy reduction. Concurrently, the augmentation of carbon taxes
fortifies the punitive mechanism, markedly improving the engagement of ship operators
and exerting particular constraints on port authorities. However, this does not completely
rectify the attenuation of the incentive policy. Furthermore, the potency of the carbon
tax’s punitive mechanism is contingent upon the strategic decisions of port authorities,
ultimately resulting in the mixed strategy (0.44, 0.49, 0.96) after iterative interactions.

4.4.2. Dynamic Subsidy and Static Carbon Tax Approach

As depicted in Figure 12, the implementation of dynamic subsidies coupled with static
carbon taxation results in the convergence of the system’s evolutionary trajectory to the
coordinates (1, 0, 0.15). This signifies that while dynamic subsidies and static carbon tax
measures effectively incentivize governmental promotion of shore power and partially
assist ship operators in adopting shore power, their efficacy in stimulating port authorities
to construct shore power facilities is considerably constrained. One probable explanation is
that port authorities are apprehensive about the substantial investment required for the
construction of shore power facilities, particularly due to the uncertainties linked with the
dynamic subsidy policy. When a mere minority of ship operators elect to utilize shore
power (z = 0.17), the return on investment for the ports becomes protracted or potentially
negative. Thus, within the framework of the dynamic subsidy and static carbon tax policy,
a proclivity among ship operators to abstain from utilizing shore power results in port
authorities encountering construction costs that surpass the government’s carbon tax costs.
Consequently, this diminishes their incentive to invest in the development of shore power
infrastructure.

In Figure 13c¢,d, the evolutionary trajectories of the three parties exhibit no significant
variance. Conversely, in Figure 13a, a 30% enhancement in both subsidies and carbon
taxes leads the three parties to converge towards a pure strategy (1, 1, 1). This implies that,
relative to antecedent policies, the dynamic subsidy in conjunction with a static carbon
tax policy can facilitate an optimal outcome for system evolution, conditional upon the
government’s reward and punitive measures reaching a sufficiently elevated intensity. In
Figure 13b, a 10% decrement in both subsidies and carbon taxes results in a transition
from a mixed strategy (1, 0, 0.15) to a pure strategy (1, 0, 0). This indicates that the 10%
reduction in subsidies and carbon taxes precisely precipitates the critical juncture at which
ship operators transition from partial participation (mixed strategy) to full withdrawal
(pure strategy).

In conclusion, within the framework of the reward-and-penalty policy, it is observed
that a dynamic subsidy policy can efficaciously mitigate the fluctuations in the curves, and
when the intensity of rewards and penalties is elevated, an optimal outcome can be realized.
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4.4.3. Dynamic Subsidy and Dynamic Carbon Tax Policy

As depicted in Figure 14, the system’s evolutionary trajectory ultimately achieves a
state of equilibrium at (1, 0.9, 1), signifying that the implementation of dynamic subsidies
and a dynamic carbon tax policy attains the optimal projected outcomes. This is attributable
to the capacity of dynamic subsidies to effectively mitigate governmental financial burdens,
while the dynamic carbon tax increases the pertinence of carbon taxation to decision-
making processes. Consequently, this encourages port authorities and ship operators
to exhibit a greater propensity towards the development and utilization of shore power
to alleviate tax liabilities. The primary factor contributing to the initial decrease in port
authority engagement in the early phases of the game is the insufficient participation by
ship operators, which results in a shortfall in the expected returns from port authority
investments in shore power infrastructure. Following multiple iterations of strategic
interactions, there was a marked increase in the ship operators” involvement, influenced by
the aforementioned policies, thereby enhancing the port authority’s benefits derived from
shore power development. As a result, the level of participation by the port authorities also
experienced an increase, ultimately stabilizing at 0.9.

Sensitivity analyses conducted within the framework of a dynamic subsidy and
carbon tax approach suggest that concurrent increases, or an increase in one measure and a
decrease in the other, will exert minimal influence on the stable points of system evolution,
as depicted in Figure 15a,c,d. Conversely, a simultaneous decrease will produce outcomes
akin to those observed under the previously examined dynamic subsidy and static carbon
tax policy, leading the system to transition from an optimal state to a less favorable state, as
shown in Figure 15b.

This suggests that the incentives and punishment established by dual policies are
pivotal in the evolution of shore power promotion. To attain long-term stability within
the shore power system through dynamic adaptations, it is imperative to maintain a
foundational level of incentives and punishment in policy formulation, thereby preventing
shortcomings in the promotion of shore power.

5. Research Findings and Discussion

Empirical evidence suggests that stakeholders generally act based on their individual
interests, leading to differing degrees of enthusiasm for the progression of shore power.
The government must assume the mantle of social responsibility and actively engage in ad-
dressing global climate challenges. Consequently, the government frequently demonstrates
the highest level of initiative and assumes a predominant role in the advocacy of shore
power. This is substantiated by the observation that, as depicted in both Figures 4 and 14,
the government’s evolution rate towards 0 is the most gradual, whereas its evolution rate
towards 1 is the most accelerated.

In contrast to governmental entities, ports and ship operators generally prioritize
their economic interests while according less emphasis to environmental advantages. Ports
face substantial upfront costs for shore power infrastructure (USD 1.2-7.0 million for
HVSC [38,63]), with government subsidies covering only 30-50% of construction [4,57],
making short-term profitability challenging). This explains why, as depicted in Figure 4,
the rate of evolution for ports is the most accelerated. Within the shipping sector, the
retrofitting costs for container ships exceeding 100,000 DWT range from USD 0.3 mil-
lion to USD 0.75 million [64]. In the absence of electricity price subsidies, shore power
(0.15 USD kWh [24]) demonstrates a negligible cost advantage compared to conventional
fuel-based power generation (0.18 USD/kWh [24]). Again, as shown in Figure 4, the ship
operator exhibits a faster evolutionary rate than the government.
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The developmental trajectories of ports and ship operators, as shown in Figure 4,
Figure 12, and Figure 14, do not follow a pattern that is either consistently increasing or
decreasing under scenarios characterized by stable strategies. This phenomenon stems from
the interdependent economic calculus: the ship operator’s profitability from shore power
utilization hinges on port infrastructure deployment, while the port requires sufficient
vessel demand to justify infrastructure investments (“chicken-and-egg” dilemma). As
previously mentioned, the port tends to develop at a relatively slower rate, as shown in
Figure 14, highlighting the necessity to prioritize the involvement of port authorities in
the establishment of shore power infrastructure. To address this deadlock, the European
Directive 2014/94/EU stipulates that all ports must have designated shore power supply
capabilities by 31 December 2025 [65].

Evolutions of policy scenarios suggest that no singular policy framework, neither
subsidies nor carbon taxes, will be adequate to effectively promote the extensive adoption
of shore power technology. An augmentation of subsidy levels by 30%, as evidenced
in Figures 4 and 5b, still fails to modify the evolutionary trajectory of the system, while
singular carbon tax policies fail to effectively influence the behavioral strategies of ports
and ship operators, as evidenced in Figures 5 and 6. Actually, as noted by Koppl and
Schratzenstaller, carbon tax policies should focus on broader policy mixes, integrating
various policy interventions such as subsidies [66]. On the other hand, the integrated
reward-and-punishment policy framework is rather complicated but demonstrates greater
success. Our analysis of Figure 4, Figure 6, and Figure 8 reveals that policies combining
subsidies and carbon taxes significantly enhance short-term shore power adoption rates.
However, the evolutionary system exhibits long-term instability due to structural fiscal
imbalances: government subsidy expenditures consistently exceed carbon tax revenues
(X s;/T ~ 1.8), prompting iterative strategy recalibrations.

The introduction of the dynamic approach gradually mitigates the limitations inherent
in the static model. Within the framework of a static subsidy and dynamic carbon taxation
policy, the dynamic carbon tax mechanism aligns taxation intensity with the strategic
behaviors of ports and shipping entities. Notably, increased utilization of shore power is
associated with reduced tax rates. This policy facilitates stakeholder participation more
efficaciously than static carbon taxation. Nonetheless, similar to the static incentive-and-
penalty policy, it intensifies government fiscal obligations, thus perpetuating the instability
of the evolutionary system, as depicted in Figure 10. To address this issue, implementing a
30% decrease in baseline subsidies combined with a 30% augmentation of baseline carbon
taxes stabilizes the system, achieving participation rates of 49% for port authorities and
96% for ship operators, as illustrated in Figure 11d. In contrast, for the case of dynamic
subsidies and a static carbon tax, the dynamic subsidy mechanism proves to be effective in
mitigating governmental fiscal burdens and in dampening systemic volatility. However,
an improvement in shore power market performance exhibits an inverse correlation with
the intensity of subsidies, and favorable market conditions typically lead to a reduction in
governmental subsidies. Therefore, it is only when both baseline subsidies and the carbon
tax are augmented by 30%, thus sustaining adequate incentive levels, that the participation
rates of port authorities and ship operators can reach a stabilization point near 100%, as
illustrated in Figure 11a.

Finally, the dynamic subsidy and dynamic carbon tax policy yields superior outcomes,
with participation rates of ports and ship operators approaching 100% without modi-
fications to baseline values. This outcome is fundamentally attributed to the improved
correlation between policy measures and decision-making behavior within dynamic reward-
and-punishment frameworks. Furthermore, as illustrated in Figure 15b, when the baselines
for subsidies and carbon tax under dynamic policies are reduced by 10%, there is a notice-
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able decline in overall system participation. In accordance with the parameters set in this
paper, it is imperative that shore power construction subsidies and ship retrofit subsidies
are upheld at a minimum of 30% and 60%, respectively, and that the carbon tax rate is
maintained at or above the global average of USD 38. This highlights the indispensability
of sustaining baseline levels of incentives and penalties to ensure the extensive adoption of
shore power.

6. Conclusions

This paper constructs an evolutionary game model among the government, port
enterprises, and ship operators based on evolutionary game theory and system dynamics
models and combines it with the actual development in China for simulation analysis. The
results reveal that each stakeholder typically acts according to their own interests, resulting
in varying levels of enthusiasm and explaining the differing evolutionary rates among the
three parties. Additionally, the participation rates of ports and ship operators in the shore
power market are significantly influenced by economies of scale, exhibiting a nonlinear
development trend.

The introduction of static reward-punishment mechanisms perturbs the convergence
of populations toward negative strategies to some extent. However, the three parties
predominantly exhibit periodic behavioral patterns, failing to achieve stable equilibrium.
The research scenario of dynamic mechanisms indicates that adjusting subsidy and tax
levels based on stakeholder behavior is critical for long-term success. This finding resonates
with Wang et al. [67], extending the impact of reward-and-punishment mechanisms on
environmental pollution control to the context of shore power promotion.

However, the practical scenarios pertaining to the promotion of shore power could
be more complicated, and this study acknowledges its limitations. Firstly, the selection of
initial values constitutes a critical determinant influencing strategic choices and mechanism
evaluations, thereby exerting a decisive influence on the outcomes. As the promotion of
shore power continues to explore appropriate benchmarks, this paper establishes variable
values and performs simulations grounded in diverse policy documents and research
studies. The parameter settings unavoidably encompass a degree of subjectivity. Secondly,
the stakeholders considered within this study are confined to government entities, port
authorities, and ship operators, whereas in reality, additional stakeholders such as power
companies and shore power equipment manufacturers also hold substantial influence.
Future research might delve into the responsibilities of these supplementary stakehold-
ers from broader perspectives, thus propelling the shore power market towards a more
advanced phase.
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