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Research on shipping carbon
governance considering
rent-seeking behavior:
an evolutionary game analysis
based on prospect theory
Qing Chen, Fang Chen, Bojun Gu, Peng Tian and Yufang Fu*

School of Economics and Management, Zhejiang Ocean University, Zhoushan, China
Accurate carbon emission data serve as the foundation for the effective

functioning of carbon markets. However, strategic collusion driven by

perceived utility values among market participants can systematically erode

governance efficacy. In response to the vulnerability of shipping carbon

governance systems caused by rent-seeking behavior, this study develops a

tripartite evolutionary game model involving shipping companies, carbon

verification agencies, and governments based on prospect theory. Using

system dynamics modeling and numerical simulation, we validate the

equilibrium constraints and analyze the impact of basic parameters and

perceived value coefficient. The results indicate that shipping carbon

governance evolves dynamically in stages across its lifecycle, driven by the

formation of self-sustaining in shipping companies. Moreover, stakeholder

decisions predominantly determined by cost-benefit structures, wherein

ESGs’ green premiums effectively drive low-carbon transition, while the

anticipated rent-seeking gains incentivize such collusion. Additionally,

perceived coefficients exert differentiated moderating effects. Shipping

companies’ transition decisions show negative correlations with the risk

attitude and loss aversion coefficients, whereas carbon verification agencies

and governments demonstrate overall positive correlations with these

coefficients. Consequently, we propose a systematic governance framework

to provide decision support for solving the rent-seeking dilemma and

promoting a carbon governance in shipping industry.
KEYWORDS

carbon governance, rent-seeking behavior, emissions trading system, sustainable

development goal, evolutionary game, prospect theory
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1 Introduction

As global climate change intensifies, reducing greenhouse gas

(GHG) emissions has become an urgent international priority.

Maritime transport, the primary mode of global trade (Wang

et al., 2021), contributes approximately 3% of global GHG

emissions (Hoang et al., 2022), exerting significant impacts on

climate systems. To address this, the International Maritime

Organization (IMO) set an ambitious net-zero target for shipping

by 2050 (IMO, 2023). Consequently, governments and regions

worldwide are implementing coordinated policy measures,

including carbon taxes (Miao et al., 2025), carbon tariffs (Jia

et al., 2024b), renewable energy subsidies (Yige et al., 2025), and

emissions trading systems (Liu et al., 2023). Parallelly, ESG

disclosure mandates for shipping companies are being globally

promoted, providing new governance mechanisms for maritime

decarbonization (Zhou and Yuen, 2024).

Systemic institutional barriers and structural deficiencies are

increasingly evident in shipping carbon governance. A case in point

is the EU Emissions Trading System (EU ETS). EU ETS is a cap-

and-trade program that sets a declining ceiling on total emissions

and requires enterprises to surrender tradable allowances for each

tone of GHG released. Under this institutional framework, shipping

companies face operational challenges of carbon allowance

allocation mechanisms. Regulations permit carbon quotas

purchased via exchanges and over-the-counter markets (European

Commission, 2024). Carbon pricing in EU ETS is implemented in

three stages, shipping companies must submit a quota for 40% of

verified emissions in 2024, rising to 70% in 2025 and 100% in 2026.

Within this system, accurate emission data forms the operational

foundation of carbon markets (Siddique et al., 2021; Shi, 2023),

necessitating full lifecycle verification by accredited third-party

verification agencies (Bai et al., 2016).

However, empirical evidence reveals strategic rent-seeking by

some firms to evade environmental accountability (Haque and Islam,

2015; Luo, 2019). Concurrently, driven by economic incentives such

as securing additional revenue, maintaining client relationships, and

competitive pressures, carbon verification agencies (CVAs) may form

strategic collusion with shipping companies (Pan et al., 2019).

Compounded by potential loopholes or insufficient incentives

within the regulatory environment, these factors collectively

heighten the risk of systematic data inaccuracies and incentivize

verifiers to deviate from their mandate of independent and objective

verification. These principal-agent issues distort carbon pricing

signals and trigger regulatory failures through adverse selection,

ultimately eroding governance effectiveness and disrupting the

regulatory framework (Wang et al., 2023). This demands an anti-

rent-seeking collaborative governance framework to enable the

industry’s effective low-carbon transition.

Prospect theory provides a robust framework for analyzing

irrational decision-making (Githinji et al., 2023), demonstrating how

actors asymmetrically perceive gains versus losses through dynamic

reference point adjustments (Barberis, 2013). Complementarily,

evolutionary game theory models multi-agent dynamic interactions
Frontiers in Marine Science 02
by simulating long-term equilibrium selection among stakeholders

(Brunetti et al., 2018). In shipping carbon governance, shipping

companies and verification agencies, operating under risk-based

cost-benefit structures, exhibit reference-dependent preferences that

amplify strategic complexity (Ye et al., 2024). Integrating these

theories enables precise modeling of stakeholder decision patterns

and strategy evolution, thereby providing scientifically grounded

insights for effective governance policies.

To address systemic vulnerabilities of shipping carbon governance

caused by rent-seeking, it is of great theoretical value to analyze how

governments can reconstructs stakeholder value perceptions and

activate the endogenous emission reduction through incentive and

constraint mechanisms. Integrating evolutionary game and prospect

theory, we construct a tripartite evolutionary game model involving

shipping companies, CVAs, and governments. This model reveals the

dynamic influence mechanism of key parameters and perceived value

coefficients on the governance system stability, and proposes

optimization pathways. This study explored three core issues

through model construction and numerical simulation:
i. How can a tripartite rent-seeking game model identify the

evolutionary stable equilibrium in shipping carbon

governance system?

ii. How do key parameters including rent-seeking costs,

ESG’s green premium, speculative costs, and reward and

punishment intensity change system evolution pathways

through threshold effects?

iii. What are the mechanisms by which perceived coefficients

influence the decision-making and evolutionary pathways

of governance subjects?
This study holds significant value at both theoretical and

practical levels. Theoretically, it elucidates the psychological

decision-making mechanisms behind rent-seeking behavior in

shipping carbon governance by integrating prospect theory with

tripartite evolutionary game theory. Furthermore, it constructs a

phase evolution model, clarifying the critical conditions required for

the governance system to transition from a government-dominated

regulatory regime to a market self-sustaining mechanism.

Practically, the research offers a basis for governments to

formulate differentiated incentive-disincentive mechanisms,

thereby addressing the dilemma of unilateral governmental

regulation. Additionally, it highlights the value of ESG

(Environmental, Social, and Governance) principles in carbon

governance, providing crucial guidance for promoting voluntary

emission reductions within the shipping industry.

The remainder of this paper is organized as follows. Section 2

reviews the current research in related fields. Section 3 constructs a

tripartite evolutionary game model based on prospect theory.

Section 4 analyzes the evolutionary stable strategies. Section 5

employs system dynamics modeling to validate the evolutionarily

stable strategies and investigate the impacts of critical parameters

and perceptual value coefficients. Section 6 summarizes and

presents the management implications.
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2 Literature review

2.1 Research on shipping carbon emissions
governance

Shipping carbon governance has become a critical research

focus globally. Technological innovations primarily follow two

pathways: improving vessel efficiency via system optimization and

hull design innovations (Ma et al., 2025), and adopting alternative

fuel such as methanol and ammonia, leveraging the energy density

advantages for next-generation propulsion systems (Chiong et al.,

2021). Hybrid technologies achieve synergistic carbon reduction

and cost efficiency through energy recovery systems and power

configuration optimization, progressively lowering the marginal

abatement costs (Inal et al., 2022). However, despite their

decarbonization potential, implementation persist barriers due to

economic constraints, significantly diminishing shipowners’

abatement incentives (Yang et al., 2012).

Therefore, addressing these challenges requires coordinated

governance. Shipping carbon emissions are governed through a

collaborative model featuring government leadership, corporate

implementation, and societal participation (Venus Lun et al.,

2015). As critical global supply chain nodes, shipping companies

drive decarbonization via green operational transitions (Zhou et al.,

2026), while carriers’ and freight forwarders’ environmental

performances critically determine systemic sustainability

outcomes (Lai et al., 2013). Moreover, evolving national

governance systems, ESG performance evaluation systems, and

international regulatory frameworks provide essential institutional

foundations for achieving carbon neutrality (Jia et al., 2024a; Shi

et al., 2024). The collaborative governance mechanism achieves

policy efficacy transmission through market-based instruments,

with carbon tax and ETS serving as primary regulatory tools

(Lagouvardou and Psaraftis, 2022; Xu et al., 2022). Empirical

evidence confirms that carbon tax significantly incentivizes

shipping companies’ technological upgrading through price

signaling mechanisms (Liu et al., 2021), and expanding global

carbon markets necessitate the institutional inevitability of

integrating maritime transport into the ETS (Mao et al., 2024). By

simultaneously reducing energy intensity and carbon intensity,

these dual carbon pricing mechanisms effectively control

aggregate emissions (Zhang et al., 2022).
2.2 Research on rent-seeking behavior in
carbon governance

The combined implementation of carbon tax and ETS

demonstrates synergistic emission reduction and macroeconomic

benefits (Zhang et al., 2020; Chai et al., 2025). However, their

institutional effectiveness critically depends on the data reliability of

Monitoring-Reporting-Verification (MRV) mechanisms (Tang

et al., 2018). Empirical evidence reveals that carbon credit fraud

and enforcement gaps in MRV implementation substantially

undermined ETS efficacy (Gao et al., 2020). This systemic failure
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stems from economically motivated CVAs, which act as regulatory

agents, engaging in strategic collusion with emission companies to

circumvent environmental accountability via systematic data

manipulation (Wang et al., 2023). Such collusion creates

significant information distortion risks for regulators (Liu et al.,

2025), ultimately triggering the progressive erosion of regulatory

effectiveness (Long et al., 2023).

Such strategic collusion constitutes rent-seeking behavior in

economic theory, where market actors manipulate government and

regulatory processes to secure disproportionate advantages

(Foreman and Kleit, 2023). Within principal-agent framework,

rent-seeking emerges from institutional alienation due to

information asymmetry, which is manifested in market distortion,

inefficient resource allocation and policy implementation deviation

(Costa Junior and Garcia-Cintado, 2021). Economic incentives

fundamentally drive the rent-seeking activities of carbon emission

companies (Hillman, 2009), facilitated by institutional design flaws

(Xu et al., 2023), regulatory gaps (Liu and Li, 2022), and the absence

of binding constraints on stakeholders (Song et al., 2018).

Consequently, scholars have proposed countermeasures through

institutional optimization, enhanced regulatory enforcement, and

improved informational transparency to mitigate rent-seeking

dynamics (Zhang et al., 2024).
2.3 Evolutionary game analysis in
environmental governance

Evolutionary game theory effectively simulates equilibrium

strategy formation among governance stakeholders through long-

term behavioral evolution, serving as a powerful analytical tool for

complex system decision-making (Beck and Mahony, 2017). The

fundamental strategic interactions in environmental governance

emerge between regulatory enforcers and polluting enterprises

(Davidson et al., 2021; Zhao et al., 2022). Through game theory

modeling, Zhou et al. (2025) demonstrate that optimal equilibrium

states occur when governments successfully incentivize corporate

engagement in environmental governance. Conversely, active

corporate participation enhances policy efficacy via positive

feedback loops. Zhang et al. (2025b) developed a dynamic

government and airline interaction model, demonstrating the

synergistic effects of carbon trading mechanisms and subsidy

policies in advancing sustainable aviation fuel development and

emphasizing the scientific and regulatory effectiveness of policy

design. Environmental governance inherently involves complex

multi-stakeholder interactions. Through a tripartite game model

encompassing governments, corporations, and the public, Chen

et al. (2019) revealed that government and public collaboration

significantly enhances governance outcomes, with public

participation partially substituting for government oversight.

Furthermore, leveraging resource endowment disparities among

China, the United States and Europe, Wang and Dou (2023)

employed multi-scenario simulations to analyze competitive and

cooperative dynamics in carbon neutrality strategies, systematically

validating the imperative for international collaboration.
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Evolutionary game theory has distinct advantages in analyzing

rent-seeking prevention in environmental governance systems. Pan

et al. (2019) simulated the collusion between emission enterprise

and third-party verification agency, which proved the necessity of

the government to implement the data review mechanism. Through

a game framework involving the government, ELSP and ESG rating

agency, Zhang et al. (2024) revealed that regulatory incentives

combined with ESG disclosure requirements significantly curb

rent-seeking activities. Liu et al. (2025) conducted a comparative

analysis of China’s carbon emission trading systems, demonstrating

that market-oriented governance models exhibit superior rent-

seeking mitigation effectiveness compared to government

dominated approaches.

The current literature has extensively examined green transition

pathways and carbon governance mechanisms in shipping industry.

These studies reveal the implementation challenges caused by rent-

seeking behaviors in emission control systems while employing

evolutionary game theory to analyze the strategic interactions

among governance stakeholders. However, three limitations

persist in the current research: (i) The focus is on the technical

feasibility of governance, with insufficient systematic analysis of the

full lifecycle costs and benefits for stakeholders; (ii) Most

collaborative governance frameworks concentrate on the macro-

level institutional design of carbon markets, overlooking the

optimization of MRV mechanisms in ETS and carbon tax. (iii)

Although traditional evolutionary game models can simulate

strategy choices, it fails to deeply analyze the differences in the

psychologically perceived value among stakeholders in the

principal-agent relationships of the shipping industry, causing

deviations between model predictions and actual decisions. To

address the above limitations, this study integrates prospect

theory into an enhanced evolutionary game framework involving

shipping companies, CVAs, and the government, revealing the

dynamic influence mechanism of key profit and loss parameters

and perceived value coefficients on the carbon governance system,

and then proposes a mechanism optimization path for shipping

carbon emission governance.
3 Tripartite evolutionary game model

3.1 Problem statement

Within shipping carbon governance, the strategic decisions of

shipping companies, CVAs, and governments form an

interconnected system: (1) Acting as the regulator for the carbon

market, the government drives green transition in shipping through

subsidies and regulatory punishments, delegating emissions

monitoring to CVAs. Information asymmetry creates collusion

risks between CVAs and shipping companies, potentially

compromising data accuracy. (2) Serving as information

intermediaries, the operational rigor of CVAs determines data

reliability and policy effectiveness. However, economic incentives
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may prompt them to collude strategically with shipping companies.

(3) Shipping companies’ transition strategy balances short-term

costs with the long-term benefits of green adoption within

regulations and verification requirements. However, when this

balance is disrupted, they may attempt to distort audit outcomes

through rent-seeking behavior. The core contradiction of this

governance system lies in the conflict between the government’s

goal of maximizing environmental benefits, shipping companies’

optimization of cost-benefit structures, and CVAs’ dynamic balance

between verification profits and rent-seeking risks. Therefore, we

develop a collaborative governance model for the shipping carbon

governance system involving “shipping companies–CVAs–

governments” with structural relationships shown in Figure 1.
3.2 Model assumptions

Assumption 1: Strategic options and probability. The shipping

companies’ decision space is {low-carbon transition, high-emissions

operation}, adopting ‘low-carbon transition’ with probability of x,

and ‘high-emissions operation’ with (1 − x), where x ∈ ½0, 1�. The
CVAs’ decision space is {no rent-seeking, rent-seeking}, opting for

‘no rent-seeking’ with probability of y, and “rent-seeking” with (1 −

y), where y ∈ ½0, 1�. The governments’ decision space is {strict

regulation, loose regulation}, implementing ‘strict regulation’ with

probability of y, and ‘loose regulation’ with (1 − y), where z ∈ ½0, 1�.
Here, x, y, and z represent time-dependent variables that evolve

throughout the strategic interaction process.

Assumption 2: Basic parameters. ① The cost for shipping

companies to maintain high-emission operation is S0, and the

basic shipping income generated is R0. Implementing low-carbon

transition requires investments in clean energy adoption,

equipment upgrades, and route optimization, these costs are

quantified as S1. This environmentally friendly strategy conforms

to the social preference for environmental protection and emission

reduction, shipping companies obtain additional income, which

mainly include the green premium of ESG Ratings, denoted as R1.

Moreover, this behavior will receive green subsidies under strict

regulation of the governments, which is recorded as Ms. If the

companies maintain high-emission operation and collude with

CVAs to falsely claim low-carbon transition data, it illegally

obtains R1, but incur rent-seeking costs and speculative costs,

which are denoted as St and SP , respectively. ② The cost for

CVAs to operate routine verification is C0, and the corresponding

operational income is L0. When facing rent-seeking behaviors from

shipping companies, agencies that choose to reject rent-seeking and

accurately disclose emissions data gain government rewards, which

is recorded as Mc. If intending to seek rent and assistance by

falsifying fuel consumption data and voyage records, the agencies

gain rent-seeking income (St) from shipping companies and bear

speculative costs quantified as Cp, where St > Cp ensures a net

benefit from such misconduct. ③ The cost for governments to adopt

strict regulation is G, and this behavior yields social credibility
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benefits is A0. Governments can derive environmental benefits from

shipping companies’ low-carbon transition, which is quantified as

Ag . If the regulation discovers that shipping companies maintain

high emissions or CVAs have rent-seeking intentions, the

governments will impose penalties, which are denoted as Fs and

Fc, respectively. Under loose regulation, governments eliminate

regulation costs, which are denoted as G = 0, and cannot access

the decision-making information of relevant entities. This strategy

yields two scenarios: (i) Accountable enforcement, where penalties

are applied if the companies maintain high emissions, but CVAs

reject rent-seeking. (ii) Systemic failure: Strategic rent-seeking

between actors leads to the government being unable to effectively

control shipping high emissions. Notably, regardless of whether

penalties are imposed, governments must bear environmental

governance costs when shipping companies maintain high

emissions, which is recorded as Tg .

Assumption 3: Prospect theory. The strategic choices of

stakeholders are based on their psychological value perception for

gains and losses, which conforms to prospect theory. That is:

V(p, x) =on
i=1p(pi)� V(Dxi)

 V(Dxi) =
(Dxi)a , Dxi ≥ 0  ,   0 < a < 1

−l( − Dxi)a , Dxi < 0,   l ≥ 1

(

Where pi represents the objective probability of event i. V(p, x)

represents the perceived value, which is composed of the value

function V(Dxi) and decision weight function p(pi). Taking the

decision-maker’s expected payoff as the reference point, Dxi
indicates the deviation between actual income and this
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benchmark: Dxi ≥ 0 represents the psychological perception of

the decision-maker as a ‘gain’, while Dxi < 0 corresponds to

perceived ‘loss’. a is the risk preference coefficient, which reflects

the diminishing sensitivity of a decision-maker’s perceived value

toward gains and losses, with values constrained to a ∈ (0, 1); l is

the loss avoidance coefficient, which is usually set to l > 1,

indicating that the decision-maker is more sensitive to losses than

benefits. The cognitive law revealed by prospect theory is that

individuals systematically overestimate low probability events

while underestimating high probability outcomes. This behavioral

pattern aligns with the bounded rationality of decision-makers

operating under uncertainty.

Assumption 4: Parameter classification. Prospect theory posits

that decision-makers exhibit no value perception bias in the face of

certain gains or losses; cognitive biases arise only when the outcomes

are uncertain. In the baseline model, deterministic gains or losses

include the costs of high-emission operation (S0) and fundamental

shipping revenue (R0) for shipping companies, routine verification

costs (C0) and operational income (L0) for CVAs, strict regulation

costs (G) for governments, and incentives or penalties (Ms,  Mc, Fs,  

Fc) tied to stakeholder behavior. Based on related literatures (Yong

et al., 2024; Zhang et al., 2025a), uncertain gains or losses encompass

low-carbon transition costs (S1) and ESGs’ green premiums (R1),

rent-seeking costs (St), speculative costs for shipping companies (Sp),

speculative costs for CVAs (Cp), environmental benefits (A0), social

credibility benefits (Ag)and environmental governance costs (Tg).

These are perceived values, denoted as V(S1), V(R1), V(St), V(SP),

V(Cp), V(A0), V(Ag) and V(Tg) in turn.

The parameters and descriptions of the game model are

presented in Table 1.
FIGURE 1

Logical framework for carbon governance in shipping industry.
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3.3 Model construction

Based on the above assumptions and combined with real game

scenarios, we construct the mixed strategy game matrix, as shown

in Table 2.
4 Strategy stability analysis

4.1 Strategy stability analysis of shipping
companies

Based on the payoff matrix in Table 2, the expected payoff for

shipping companies adopting the ‘Low-carbon transition’ is

denoted as Ex , the expected payoff for adopting the ‘High-

emission operation’ is denoted as E1−x , and the average expected

payoff is denoted as E1:
Frontiers in Marine Science 06
Ex = yz½R0 + V(R1) + V(S1) +Ms� + y(1 − z)½R0 + V(R1) + V(S1)�

+ (1 − y)z½R0 + V(R1) + V(S1)+

Ms� + (1 − y)(1 − z)½R0 + V(R1) + V(S1)�

(1)

E1−x = yz½R0 − S0 + V(St) + V(Sp) − Fs� + y(1 − z)½

R0 − S0 + V(St) + V(Sp) − Fs�+
(1 − y)z½R0 + V(R1) − S0 + V(St) + V(Sp) − Fs�

+ (1 − y)(1 − z)½R0 + V(R1) − S0 + V(St) + V(Sp)�

(2)

E1 = xEx + (1 − x)E1−x (3)

According to the Equations 1–3, the corresponding replicator

dynamics equation for shipping companies is derived as follows:
TABLE 1 Model parameters and descriptions.

Parameter Descriptions Parameter Descriptions

B
asic m

odel

S0
the cost for shipping companies to maintain
high-emission operation B

asic m
odel

Fs
government penalties for shipping company to
adopt high-emission operation

R0
the basic shipping income for
shipping companies

Fc
government penalties for CVA to implement
rent-seeking strategy

S1
the transition cost for shipping companies to
adopt low-carbon transition

Tg environmental governance costs for governments

R1

the income for shipping companies to adopt
low-carbon transition, which includes ESG’s
green premium

P
erceived value

a risk preference coefficient, a ∈ (0, 1)

Ms
government green subsidies for shipping
companies to adopt low-carbon transition

l loss avoidance coefficient, l > 1

St
the rent-seeking costs for shipping companies
the rent-seeking incomes for CVAs

V(S1)
the perceived loss for shipping company to adopt
low- carbon transition

SP the speculative costs for shipping companies V(R1)
the perceived gain for shipping company to adopt
low- carbon transition

C0
the costs for CVAs to operate
routine verification

V(St)
the perceived loss of rent-seeking for shipping
company the perception gains of rent-seeking
for CVAL0

the income for CVAs to operate
routine verification

Mc
government rewards for CVAs to reject
rent-seeking

V(SP)
the perceived loss of speculation for
shipping company

Cp
the speculative costs for CVAs to implement
ren-seeking

V(Cp) the perceived loss of speculation for CVA

G
the cost for governments to adopt
strict regulation

V(A0)
the perceived gain of social credibility
for government

A0
the social credibility benefits for governments
to adopt strict regulation

V(Ag )
the perceived gain of environmental benefits
for governments

Ag
the environmental benefits from shipping
companies’ low-carbon transition

V(Tg )
the perceived loss of environmental governance
for governments
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F(x) = dx
dt = x(Ex − E1) = x(1 − x)(Ex − E1−x)

= x(1 − x) −yzFs + y½Fs + V(R1)�+f
z(Ms + Fs) + S0 + V(S1) + V(St) + V(Sp)g

(4)

According to the operation rule of the value function, the

uncertain gains and losses including V(R1), V(S1), V(St), V(Sp)

are iteratively calculated and substituted into Equation 4. We can

obtain the replication dynamic equation under prospect theory and

its first-order derivative with respect to x, which are presented in

Equations 5, 6, respectively:

F(x) = x(1 − x)½−yzFs + y(Fs + Ra
1 ) + z(Ms + Fs) + S0 − lSa1

+ lSat + lSap � (5)

dF(x)
dx

= (1 − 2x)½−yzFs + y(Fs + Ra
1 ) + z(Ms + Fs) + S0 − lSa1

+ lSat + lSap � (6)

To analyze the strategy stability of shipping companies, we

assume that P(y) = −yzFs + y(Fs + Ra
1 ) + z(Ms + Fs) + S0 − lSa1 + l

Sat + lSap . According to the stability theorem of differential

equations, to achieve the optimal state of the dynamic game for

shipping companies, x must satisfy the necessary conditions that

F(x) = 0, and dF(x)=dx < 0. For ∂ P(y)= ∂ y = (1 − z)Fs + Ra
1 > 0,

we can get P(y) is an increasing function of y. When y = ½lSa1 −

S0 − lSat − lSap − z(Ms + Fs)�=½(1 − z)Fs + Ra
1 � = y*, t h e s y s t em

satisfies conditions that F(x) = 0 and dF(x)=dx < 0, and all x are

stable states, which demonstrate that there is no significant

correlation between the probability of ‘low-carbon transition’ and

expected payoff for shipping companies. When y ≠ y*, the strategy

of ‘low-carbon transition’ is stable in the two situations: (i) When

0 < y < y* < 1, then F(x) = 0 and dF(x)=dx x=0 < 0j , it can be

concluded that ‘high-emission operation ’ (x = 0) is the

evolutionary stable strategy (ESS). (ii) When 0 < y* < y < 1, then

F(x) = 0 and dF(x)=dx x=1 < 0j , it can be concluded that ‘low-carbon

transition’ (x = 1) is the ESS. Consequently, the evolutionary

process of shipping companies’ strategies is shown in Figure 2.
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4.2 Strategy stability analysis of CVAs

The expected payoffs for CVAs adopting the ‘no rent-seeking’

strategy and the ‘rent-seeking’ strategy are denoted as Ex and E1−x ,

and the average expected payoff is denoted as E2:

Ey = xz(L0 − C0 +Mc) + x(1 − z)(L0 − C0) + (1 − x)z(L0 − C0

+Mc) + (1 − x)(1 − z)(L0 − C0) (7)

E1−y = xz½L0 − C0 + V(Cp) − Fc� + x(1 − z)½L0 − C0 + V(Cp)�

+ (1 − x)z½L0−
C0 + V(St) + V(Cp) − Fc� + (1 − x)(1 − z)½L0 − C0 + V(St) + V(Cp)�

(8)

E2 = yEy + (1 − y)E1−y (9)

According to the Equations 7–9, the corresponding replicator

dynamics equation for CVAs is derived as follows:

F(y) =
dy
dt

= y(Ey − E2) = y(1 − y)(Ey − E1−y)

= y(1 − y)½xV(St) + z(Mc + Fc) + V(Cp) + V(St)� (10)

According to the operation rule, V(St), V(Cp) are iteratively

calculated and substituted into Equation 10 to obtain the replication

dynamic equation under prospect theory and its first-order

derivative with respect to y, which are presented in Equations 11,

12, respectively:

F(y) = y(1 − y)½xSat + z(Mc + Fc) + lCa
p − Sat � (11)

dF(y)
dy

= (1 − 2x)½xSat + z(Mc + Fc) + lCa
p − Sat � (12)

To analyze the strategy stability of shipping companies, we

assume that P(z) = xSat + z(Mc + Fc) + lCa
p − Sat . According to the

stability theorem of differential equations, to achieve the optimal

state of the dynamic game for CVAs, y must satisfy the necessary
TABLE 2 Payoff matrix.

Shipping
companies

CVAs
Governments

Strict regulation (z) Loose regulation (1 − z)

Low-carbon
transition (x)

No rent-seeking (y)
R0 + V(R1) + V(S1) +Ms , L0 − C0 +Mc ,

V(A0) − G + V(Ag ) −Ms −Mc
R0 + V(R1) + V(S1), L0 − C0, V(Ag )

Rent-seeking (1 − y)
R0 + V(R1) + V(S1) +Ms , L0 − C0 + V(Cp) − Fc ,

V(A0) − G + V(Ag ) −Ms + Fc
R0 + V(R1) + V(S1), L0 − C0 + V(Cp), V(Ag )

High-emission
operation (1 − x)

No rent-seeking (y)
R0 − S0 + V(St) + V(Sp) − Fs , L0 − C0 +Mc ,

V(A0) − G + Fs −Mc + V(Tg )
R0 − S0 + V(St ) + V(Sp) − Fs , L0 − C0, Fs + V(Tg )

Rent-seeking (1 − y)
R0 + V(R1) − S0 + V(St ) + V(Sp) − Fs , L0 − C0 + V(St ) +

V(Cp) − Fc , V(A0) − G + Fs + Fc + V(Tg )

R0 + V(R1) − S0 + V(St) + V(Sp), L0 − C0 + V(St) + V(Cp),

V(Tg )
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conditions that F(y) = 0, and dF(y)=dy < 0. For ∂ P(z)= ∂ z = Mc +

Fc > 0, we can get P(z) is an increasing function of y. When z =

(Sat − lCa
p − xSat )=(Mc + Fc) = z*, t h e sy s t em sa t i sfi e s the

conditions that F(y) = 0 and dF(y)=dy < 0, then all y are stable

states, which demonstrates that there is no significant correlation

between the probability of ‘no rent-seeking’ and the expected payoff

for CVAs. When z ≠ z*, the strategy of ‘no rent-seeking’ is stable in

the two situations: (i) When 0 < z < z* < 1, then F(y) = 0 and dF(

y)=dyjy=0 < 0, it can be concluded that ‘rent-seeking’ (y = 0) is the

ESS. (ii) When 0 < y* < y < 1, then F(y) = 0 and dF(y)=dy y=1 < 0
�� ,

it can be concluded that ‘no rent-seeking’ (y = 1) is the ESS.

Consequently, the evolutionary process of the CVAs strategies is

shown in Figure 3.
4.3 Strategy stability analysis of
governments

The expected payoff for the governments adopting the ‘strict

regulation’ strategy and the ‘loose regulation’ strategy are denoted

as Ez and E1−z , and the average expected payoff is denoted as E3:

Ez = xy½V(A0) − G + V(Ag) −Ms −Mc� + x(1 − y)½V(A0)

− G + V(Ag) −Ms + Fc� + (1 − x)y½V(A0)−

G + Fs −Mc + V(Tg )� + (1 − x)(1 − y)½V(A0) − G + Fs + Fc + V(Tg )�
(13)

E1−z = xyV(Ag) + x(1 − y)V(Ag) + (1 − x)y½Fs + V(Tg)� + (1

− x)(1 − y)V(Tg) (14)

E3 = zEz + (1 − z)E1−z (15)

According to the Equations 13–15, the corresponding replicator

dynamics equation for governments is derived as follows:
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F(z) =
dz
dt

= z(Ez − E3) = z(1 − z)(Ez − E1−z)

= z(1 − z)½xyFs − x(Ms + Fs) − y(Mc + Fc + Fs) + V(A0)

− G + Fs + Fc� (16)

V(A0) is iteratively calculated and substituted into Equation 16

to obtain the replication dynamic equation under prospect theory

and its first-order derivative with respect to z, which are presented

in Equations 17, 18, respectively:

F(z) = z(1 − z)½xyFs − x(Ms + Fs) − y(Mc + Fc + Fs) + Aa
0 − G

+ Fs + Fc� (17)

dF(z)
dz

= (1 − 2z)½xyFs − x(Ms + Fs) − y(Mc + Fc + Fs) + Aa
0

− G + Fs + Fc� (18)

To analyze the strategy stability of governments, we assume that

P(x) = xyFs − x(Ms + Fs) − y(Mc + Fc + Fs) + Aa
0 − G + Fs + Fc.

According to the stability theorem of differential equations, to

achieve the optimal state of the dynamic game for governments, z

must satisfy the necessary conditions that F(z) = 0, and dF(z)=dz <

0. For ∂ P(x)= ∂ x = −(1 − y)Fs −Ms < 0, we can get P(z) is a

decreasing function of z. When x = ½Aa
0 − G + Fs + Fc − y(Mc + Fc +

Fs)�=½(1 − y)Fs +Ms� = x*, the system satisfies conditions that F(z)

= 0 and dF(z)=dz < 0, then all z are stable states, which demonstrate

that there is no significant correlation between the probability

of ‘strict regulation’ and expected payoff for governments. When

x ≠ x*, the strategy of ‘strict regulation’ is stable in the two

situations: (i) When 0 < x < x* < 1, then F(z) = 0 and dF(y)=dy

jy=1 < 0, it can be concluded that ‘strict regulation’ (z = 0) is the

ESS. (ii) When 0 < x* < x < 1, then F(z) = 0 and dF(z)=dz z=0 < 0j ,

it can be concluded that ‘loose regulation’ (z = 0) is the ESS.

Consequently, the evolutionary process of governments strategies

is shown in Figure 4.
FIGURE 2

The evolutionary process of shipping companies’ strategies.
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4.4 Analysis of evolutionary stable strategy

Based on the replicated dynamic Equations 5, 11, and 17, the

three-dimensional dynamic system is described as:

F(x) = x(1 − x)½−yzFs + y(Fs + Ra
1 ) + z(Ms + Fs) + S0

− lSa1 + lSat + lSap �
F(y) = y(1 − y)½xSat + z(Mc + Fc) + lCa

p − Sat �
F(z) = z(1 − z)½xyFs − x(Mc + Fc) − y(Mc + Fc + Fs)

+ Aa
0 − G + Fs + Fc�

8>>>>>>>>>>>><
>>>>>>>>>>>>:

Let F(x) = 0, F(y) = 0, F(z) = 0, and solve to obtain eight pure

strategy equilibrium points are as follow: E1(0, 0, 0), E2(1, 0, 0), E3(

0, 1, 0), E4(0, 0, 1), E5(1, 1, 0), E6(1, 0, 1), E7(0, 1, 1) and E8(1, 1, 1). In

addition, there are several mixed strategy equilibrium points in the

system. Because the mixed strategy equilibrium points do not satisfy

the constraint conditions required by the strict Nash equilibrium

definition based on the Lyapunov stability criterions (Parks, 1992),

these points are not considered.
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According to the research conclusion of Friedman (1991), we

can determine the stability of the equilibrium strategies by judging

the eigenvalues of the Jacobian matrix, and then obtain the ESS of

the game system. The Jacobian matrix of the tripartite evolutionary

game system is as follows:

J =

∂ F(x)
∂ x

∂ F(x)
∂ y

∂ F(x)
∂ z

∂ F(y)
∂ x

∂ F(y)
∂ y

∂ F(y)
∂ z

∂ F(z)
∂ x

∂ F(z)
∂ y

∂ F(z)
∂ z

2
66664

3
77775 =

(1 − 2x)

−yzFs + y(Fs + Ra
1 )

+z(Ms + Fs) + S0

−lSa1 + lSat + lSap

2
664

3
775 x(1 − x) (1 − z)Fs + Ra

1f g x(1 − x) (1 − y)Fs +Msf g

y(1 − y)St (1 − 2y)½xSat + z(Mc + Fc) + lCa
p − Sat � y(1 − y)(Mc + Fc)

z(1 − z)½(1 − y)Fs −Ms� z(1 − z)½xFs − (Mc + Fc + Fs)� (1 − 2z)

xyFs − x(Ms + Fs)

−y(Mc + Fc + Fs)

+Aa
0 − G + Fs + Fc

2
664

3
775

2
666666666666664

3
777777777777775

The Lyapunov stability criterions demonstrate that: (i) If all

eigenvalues of the Jacobian matrix have negative real parts, the

equilibrium point is asymptotically stable. (ii) If at least one

eigenvalue has a positive real part, the equilibrium point is
FIGURE 4

The evolutionary process of governments strategies.
FIGURE 3

The evolutionary process of CVAs strategies.
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unstable. (iii) When eigenvalues all have negative real parts except

those with zero real parts, the equilibrium is in a critical case where

stability cannot be determined solely by the eigenvalues’ signs. We

conducted a detailed analysis of the stability of each equilibrium

point, as shown in Tables 3, 4.

Based on model assumptions and real practices, collusions

between CVAs and shipping companies requires specific rent-

seeking benefits relative to speculative costs. Such collusion

becomes feasible only if the condition that lCa
p − Sat < 0 is

satisfied, at which point the CVAs gain motivation for rent-

seeking. Among the eight equilibrium points, E2, E3 and E6
violate this constraint, which cannot constitute an ESS.

Additionally, driven by the synergy of global abatement targets,

government interventions steer the green transition of the shipping

industry while reinforcing low-carbon social preferences, the

following conditions emerge: lSa1 − Ra
1 −Ms − Fs − S0 − lSat − lSap

< 0 and G − Aa
0 < 0. Thus, equilibrium points E1 and E7 are

incompatible with the current shipping decarbonization pathways

and prevailing social preferences. A comprehensive analysis

identifies E4(0, 0, 1), E5(1, 1, 0) and E8(1, 1, 1) as stable equilibria

with practical significances in this system.

The refinement of carbon governance frameworks evolves

progressively through dynamic interest coordination and

collaboration among stakeholders. As Ostrom (2009) established

in her principles of self-governance: Sole reliance on government

intervention cannot ensure systemic sustainability; the self-

investment of resource users is pivotal. Consequently, maritime

carbon market governance advances through three lifecycle phases.

First, initial phase represents government-led institutional

scaffolding that incentivizes corporate decarbonization and

verification integrity through reward-penalty mechanisms;

Second, growth phase represents emergence of collaborative

networks that reduce regulatory costs; Third, maturity phase

represents establishment of self-sustaining governance ecosystems

driven by endogenous motivations. This evolutionary trajectory

(E4 − E8 − E5) aligns with lifecycle theory—the strategic

configurations of governance agents signify qualitative leaps from

institutional dependence to operational autonomy.
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Proposition 1WhenMs + Fs + S0 + lSat + lSap − lSa1 < 0,Mc +

Fc + lCa
p − Sat < 0, and G − Aa

0 − Fs − Fc < 0 are satisfied, the

system exhibits a stable point E4(0, 0, 1), which corresponds to the

initial stage.

Proposition 1 reveals an intractable regulatory paradox. When

shipping companies persist in high-emission operation while CVAs

pursue rent-seeking, governments become trapped in a unilateral

enforcement dilemma. It means that proactive regulatory measures

fail to disrupt collusion between these parties. Consequently, the

system inevitably converges to the equilibrium state, which is (high-

emission operation, rent-seeking, strict regulation). The mechanism

of the initial stage operates as follows: when shipping companies

consider their perceived losses for low-carbon transition to exceed

the perceived gains under green transition and regulatory pressure,

government incentives fail to overcome their cost constraints.

Simultaneously, CVAs opt for rent-seeking driven by economic

gain. Although governments implement incentive and punishment

mechanisms to compensate market actors, these institutional

designs remain below the critical threshold required to resolve the

dual-agency problem.

Proposition 2When lSa1 − Ra
1 −Ms − Fs − S0 − lSat − lSap < 0,

−Mc − Fc − lCa
p < 0, and G +Ms +Mc − Aa

0 < 0 are satisfied, the

system exhibits a stale point E8(1, 1, 1), which corresponds to the

growth stage.

Proposition 2 reveals a sustainable governance paradigm. When

shipping companies implement low-carbon transition, and CVAs

opt for rejecting rent-seeking under strict governments regulation,

then the system achieves collaborative governance. Thanks to

enhanced regulatory intensity and reinforced incentive and

punishment mechanisms, governments effectively incentivize

transparent carbon reporting by both parties. Consequently, the

system converges to the equilibrium state, which is (low-carbon

transition, no rent-seeking, strict regulation). The growth stage

mechanism operates through the following interactions: First,

shipping companies overcome cost barriers under government

subsidies, technological advances, and ESGs’ green premiums,

collectively enabling economically viable transitions to low-carbon

operations. Second, CVAs avoid collusion and ensure accurate
TABLE 3 The eigenvalues of the Jacobian matrix.

Equilibrium points
The eigenvalues of the Jacobian matrix

lx ly lz

E1   (0, 0, 0) S0 + lSat + lSap − lSa1 lCa
p − Sat Aa

0 + Fs + Fc − G

E2   (1, 0, 0) lSa1 − S0 − lSat − lSap lCa
p Aa

0 + Fc − G −Ms

E3   (0, 1, 0) Fs + Ra
1 + S0 + lSat + lSap − lSa1 Sat − lCa

p Aa
0 − G −Mc

E4   (0, 0, 1) Ms + Fs + S0 + lSat + lSap − lSa1 Mc + Fc + lCa
p − Sat G − Aa

0 − Fs − Fc

E5   (1, 1, 0) lSa1 − Fs − Ra
1 − S0 − lSat − lSap − lCa

p Aa
0 − G −Ms −Mc

E6   (1, 0, 1) lSa1 −Ms − Fs − S0 − lSat − lSap Mc + Fc + lCa
p G +Ms − Aa

0 − Fc

E7   (0, 1, 1) Ra
1 +Ms + Fs + S0 + lSat + lSap − lSa1 Sat −Mc − Fc − lCa

p G +Mc − Aa
0

E8   (1, 1, 1) lSa1 − Ra
1 −Ms − Fs − S0 − lSat − lSap −Mc − Fc − lCa

p G +Ms +Mc − Aa
0
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emission data, driven by incentive measures and shipping

companies’ green transition. Overall, these effective government

incentive measures encourage strategic shifts among market parties,

promoting both improved governance effectiveness and increased

public trust in a reinforcing cycle.

Proposition 3 When lSa1 − Fs − Ra
1 − S0 − lSat − lSap < 0, −

lCa
p < 0, and Aa

0 − G −Ms −Mc < 0, the system exhibits a stable

state E5(1, 1, 0), which corresponds to the maturity stage.

Proposition 3 reveals a self-sustaining governance paradigm.

When shipping companies implement low-carbon transition, and

CVAs adopt no rent-seeking under loose governments regulation, the

shipping abatement system achieves an endogenously driven stage.

Through scaled-back regulatory interventions and sustained

collaboration by both parties, transparent and sustainable shipping

operations are institutionalized. The maturity stage mechanism

operates as follows. First, shipping companies achieve a self-

sustaining decarbonization mechanism where perceived marginal

benefits consistently outweigh marginal costs under the green

premium created through enhanced ESG performance. Meanwhile,

influenced by companies consciously implementing decarbonization

strategy, CVAs ensure accurate emissions reporting to governments,

which effectively mitigating systemic risk from data distortion.

Consequently, governments should focus on enhancing carbon-

related policies in this stage, such as emissions trading systems, and

advancing green technologies. Simultaneously achieving shipping

carbon reduction targets and driving industry-wide optimal

resource allocation with upgraded governance structures is essential.

Based on the stability analysis of the model, the stable points E4
(0, 0, 1), E8(1, 1, 1), and E5(1, 1, 0) correspond to the initial, growth,

and maturity stages of carbon governance in shipping industry,

respectively. Acting as both carbon reduction advocates and carbon

market regulators, the governments incentivize shipping companies’

abatement and CVAs compliance through incentive and punishment

mechanisms. However, constrained by green investment costs and
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limited responsibility awareness, shipping companies and CVAs

exhibit strategic collusive tendencies in the initial stage, triggering a

unilateral regulatory dilemma for the government. Second, the

system evolves to the growth stage, policy frameworks mature and

incentive and punishment intensity escalates, the governments

effectively drive shipping companies to adopt green technological

innovations. These measures compel CVAs to reject rent-seeking

behavior and uphold data authenticity standards. Therefore, this

stage achieves a transformation from unilateral regulation to multi-

agent collaborative governance in shipping carbon governance.

Finally, when the system enters the maturity stage, it exhibits the

following characteristics: governments transition into an institutional

enabler; shipping companies establish low-carbon operational

mechanisms driven by optimized marginal abatement costs and

internalized environmental responsibility; and CVAs ensure end-

to-end data fidelity in emissions monitoring through industrial self-

regulation. Consequently, the three subjects collectively establish an

endogenous governance pattern characterized by “self-driven –

verified data – institutional empowerment”. This evolutionary

tendency demonstrates that a sustainable dynamic equilibrium

emerges between institutional compliance costs and green

transition benefits. The governance system will undergo a

fundamental shift from externally imposed regulations to

endogenous self-regulation.
5 System dynamic modeling and
numerical analysis

5.1 System dynamic modeling

To systematically analyze stakeholder evolution in shipping

carbon governance, this study constructs a tripartite evolutionary

game based on prospect theory. Using the VensimPLE software, a
TABLE 4 Local stability analysis of equilibrium points.

Equilibrium
points

Symbol
Constraint conditions Stability

lx ly lz

E1   (0, 0, 0) U − + The constraint condition ③ cannot be satisfied Unstable

E2   (1, 0, 0) U + U The constraint condition ② cannot be satisfied Unstable

E3   (0, 1, 0) U + U The constraint condition ② cannot be satisfied Unstable

E4   (0, 0, 1) U U U
Ms + Fs + S0 + lSat + lSap − lSa1 < 0, Mc + Fc + lCa

p − Sat < 0,

G − Aa
0 − Fs − Fc < 0

ESS

E5   (1, 1, 0) U − U
lSa1 − Fs − Ra

1 − S0 − lSat − lSap < 0, − lCa
p < 0,

Aa
0 − G −Ms −Mc < 0

ESS

E6   (1, 0, 1) U + U The constraint condition ② cannot be satisfied Unstable

E7   (0, 1, 1) + U U The constraint condition ① cannot be satisfied Unstable

E8   (1, 1, 1) U − U
lSa1 − Ra

1 −Ms − Fs − S0 − lSat − lSap < 0, −Mc − Fc − lCa
p < 0,

G +Ms +Mc − Aa
0 < 0

ESS
U represents the eigenvalue symbol uncertainty.
ESS represents the equilibrium point is in an evolutionarily stable state.
Constraint conditions:① lSa1 − Ra

1 −Ms − Fs − S0 − lSat − lSap < 0, ② lCa
p − Sat < 0, ③ G − Aa

0 < 0.
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system dynamics (SD) model was developed to simulate this system,

as illustrated in Figure 5. The SD model comprises three

subsystems: shipping companies, CVAs, and governments.

Rectangles represent level variables, indicating accumulated values

over time; valves denote rate variables controlling material flows

entering or circulating within this system; and the remaining

variables are classified as exogenous or auxiliary variables.

Excluding the rate variables, other parameters including the risk

attitude and loss avoidance coefficient, originate from the formally

defined parameters in Section 3.
5.2 Numerical analysis

To comprehensively investigate dynamic stakeholders’

strategies and interactions in shipping carbon governance, and

validate the rationality and effectiveness of the model analysis, we

conduct numerical simulations. Using a system dynamic based

simulation framework, crucial parameters are quantified and

incorporated into the model to simulate how stakeholder

decisions under different scenarios impact governance outcomes.

This visually demonstrates the evolution patterns and system

stability throughout the governance process.

Based on the stability analysis and existing literature (Zhang,

2024; Bei et al., 2025), the basic parameters value of three stages are

set. Meanwhile, accounting for heterogeneous gain-loss perceptions

among stakeholders across governance stages (Koszegi and Rabin,

2006; Eccles et al., 2014). Specifically, a and l exhibit a biphasic

characteristic, with the initial phase characterized by elevated loss

aversion (high l) driven by technological uncertainties and the

maturity phase by risk-seeking dominance (high a) enabled by

institutionalized market mechanism (Baucells and Heukamp,

2012). We assign the parameter values to different stages, which

are presented in Table 5.

5.2.1 Evolutionary stability strategy
In the scenario where the conditions: Ms + Fs + S0 + lSat +

lSap − lSa1 < 0, Mc + Fc + lCa
p − Sat < 0, and G − Aa

0 − Fs − Fc < 0

are satisfied, we assign numerical group of the initial stage in

Table 5. Using MATLAB 2022a software to generate 125 sets of

initial strategy combinations (x, y, z). The evolutionary results are

shown in Figure 6, which confirms that equilibrium point E4(0, 0, 1)

is an ESS, corresponding to (high-emission operation, rent-seeking,

strict regulation). This state reveals a unilateral regulatory dilemma

characterized by two mechanisms: (i) Shipping companies

experience decarbonization lock-in due to conflicts between

immediate high costs and discounted long-term returns,

promoting strategic collusion with CVAs through benefit

transfers; (ii) Current governmental incentives fail to exceed

critical thresholds for overcoming operational cost constraints

and rent-seeking motivation. Resolving this dilemma requires two

key governmental actions, which are persistent strengthening of

regulatory capacity and enhanced incentive intensity to shift policy

f r ameworks f rom cos t compensa t i on to thre sho ld-

exceeding mechanisms.
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In the scenario where the conditions: lSa1 − Ra
1 −Ms − Fs − S0 −

lSat − lSap < 0, −Mc − Fc − lCa
p < 0, and G +Ms +Mc − Aa

0 < 0

are satisfied, we assign the parameter values in the growth stage.

As shown in Figure 7, the initial strategy combinations (x, y, z)

randomly generated confirm that the equilibrium point E8(1, 1, 1) is

an ESS, which corresponds to (low-carbon transition, no rent-

seeking, strict regulation). The growth stage effectively resolves the

unilateral regulatory dilemma through two synergistic mechanisms:

(i) Strengthened social low-carbon preferences coupled with

coordinated incentives and punishment frameworks overcome

shipping companies’ decarbonization lock-in; (ii) Enhanced

verification incentives significantly raise the opportunity cost of

rent-seeking for CVAs, which effectively curbs the systemic risks of

falsified emissions reporting through companies-agencies collusion.

The resulting governance efficacy stems from synergistic market

institutional interactions, establishing a self-reinforcing cycle of

“policy impetus – market responses – low-carbon transition”.

This transition signifies a paradigm shift from unilateral

regulation to multi-agent collaborative governance in shipping

carbon reduction.

In the scenario where the conditions: lSa1 − Fs − Ra
1 − S0 −

lSat − lSap < 0, − lCa
p < 0, a n d Aa

0 − G −Ms −Mc < 0 a r e

satisfied, we assign the parameter values in the maturity stage.

The evolutionary results of the maturity stage are shown in Figure 8,

which confirms that equilibrium point E5(1, 1, 0) is an ESS, and

corresponds to (low-carbon transition, no rent-seeking, loose

regulation). This strategy signifies a structural evolution in

shipping carbon governance. First, persistent government green

subsidies and substantially improved low-carbon economic returns

enable shipping companies to overcome cost constraints and

establish endogenous drivers for autonomous emission

reductions. Second, compressed rent-seeking opportunities

compel CVAs to rigorously enforce carbon accounting standards,

which ensure reliable data for the formulation of carbon-related

policies. This configuration yields a self-driven governance system

characterized by dynamic coupling between market incentives and

companies’ abatement initiatives. Consequently, the mechanism of

“self-driven abatement – verified data integrity – institutional

empowerment” is generated to accelerate the transition toward a

sustainable governance paradigm for shipping carbon emissions.

5.2.2 Sensitivity analysis
To effectively regulate polluting subjects, our model

incorporates five key parameters of shipping companies, which

are low-carbon transition costs, green premium, rent-seeking costs,

government green subsidies and punishments. Analysis is

conducted based on the initial stage.

Low-carbon transition costs, functioning as a key moderating

variable in shipping companies’ strategic decision-making,

significantly influence the efficacy of transition behaviors through

variations in their magnitudes. We assign S1 as S1 = 45, 60 and 75 to

analyze the impact of stakeholders’ decisions, and the simulation

results are as shown in Figure 9. Where Figure 9a indicates that

elevated low-carbon transition costs (S1 = 60 and 70) accelerate

convergence toward high-emission operation among shipping
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companies. Conversely, when S1 declines below a critical threshold,

which is S1 = 45, companies undergo strategic substitution, rapidly

converging toward low-carbon transition. Moreover, Figures 9b, c

further demonstrate that transition costs define the strategic

boundaries for shipping companies while exerting systemic

spillover effects on CVAs and governmental decision evolution.

These results demonstrate that: (i) Below the cost threshold,

shipping companies exhibit endogenous disincentives toward rent-

seeking, generating positive environmental externalities. (2) Above

the cost threshold, carbon reduction incentives weaken significantly,

prompting CVAs to seek rent to circumvent abatement costs. Here,

intensified governments regulation is essential for mitigating carbon

emission externalities. Consequently, these evolutionary paths reveal

that reducing transition costs through technological innovation

effectively strengthens autonomous emission reduction incentives

and establishes a synergistic governance framework for carbon

emission reduction in the shipping industry.

The green premium derived from ESG ratings critically

influences operational decisions of shipping companies. We

therefore simulated stakeholders’ strategies at three premium
Frontiers in Marine Science 13
levels, which are R1 = 10,   30 and 50, with results shown in

Figure 10. When the green premium is low (R1 = 10,   30),

shipping companies maintains high-emission operation, though

the transition toward such practices slowed as R1 increased.

Concurrently, CVAs’ rent-seeking initiatives decelerated, and

governments regulatory intensity declined. A fundamental

strategic shift occurred when R1 exceeded its threshold (R1 = 50),

the system evolved from the state (0,0,1) of government-dominated

regulation to the stage (1,1,0) of self-driven abatement. This

transition demonstrates that ESG ratings substantially shape

operational strategies in shipping companies. Significant market

share and profit gains from elevated ESG ratings incentivize

adoption of green technologies, creating internal drivers for

sustainable operations and advancing autonomous abatement in

shipping carbon governance.

Rent-seeking constitutes a critical behavioral phenomenon in

shipping carbon governance, and its associated costs directly shape

the system equilibrium between shipping companies’ abatement

avoidance and CVAs’ non-compliance gains. We assign St = 20, 30

and 40 to analyze the impact of stakeholders’ decisions. Where
TABLE 5 The parameter values of different stages.

Parameter S0 S1 R1 St SP Ms Fs Cp Mc Fc G A0 a l

Initial stage 10 75 15 20 6 5 10 5 3 4 20 30 0.88 1.5

Growth stage 10 60 30 25 8 15 20 8 10 15 30 90 0.90 1.35

Maturity stage 10 50 60 25 12 15 20 12 10 15 30 60 0.92 1.25
frontiers
FIGURE 5

System dynamics model of tripartite evolutionary game.
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Figure 11a demonstrates that low rent-seeking costs exhibit an

inverse correlation with convergence toward high-emission

operation; while crossing the critical threshold (St = 40) triggers

strategic reversal, accelerating low-carbon transition for shipping

companies. Notably, Figure 11b reveals that the CVAs’ behaviors

are path-dependent. An initial St increase promotes rent-seeking

intentions, and crossing the threshold triggers a shift toward rent-

seeking rejection. Figure 11c further confirms that governments

optimize resource allocation through dynamic regulatory

calibration based on the strategic evolution of companies and

CVAs. Collectively, the evolutionary paths indicate that elevating

rent-seeking barriers via market mechanisms effectively inhibits

data manipulation, thus establishing a self-reinforcing constraint

framework for carbon reduction in the shipping industry.

Government subsidies significantly modulate shipping

companies’ decision-making by restructuring their cost-benefit

structures. We assign Ms as Ms = 5, 10 and 20 to analyze its

influence mechanism, and the simulation results are shown in
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Figure 12. The results reveal that green subsidies enhance

shipping companies’ willingness, thereby compelling CVAs to

increase the probability of no rent-seeking. Notably, while

increased subsidies induce transient fluctuations in system

evolution, the equilibrium state converges persistently to (0, 0, 1).

Key evolutionary patterns emerge as follows: (i) WhenMs increases

from 5 to 10, shipping companies maintain high-emission

operation without substantial change. However, the convergence

toward this strategy is slow, with parallel deceleration in rent-

seeking behavior and regulatory oversight. (ii) At Ms = 20,

convergence toward high-emission operation slows further, and

firms temporarily shift toward low-carbon strategies before

reverting during mid-evolution. This suggests that the low-carbon

transition of shipping companies through substantial subsidies is

unsustainable. The core issue lies in the fact that subsidies induce

policy dependence for shipping companies in the short term. While

creating short-term compliance, they fail to foster intrinsic

motivation for emission reduction. Concurrently, stricter carbon
FIGURE 6

The numerical simulation result of the initial stage. (a) The evolution paths of the system. (b) The probability of tripartite evolution over time.
FIGURE 7

The numerical simulation result of the growth stage. (a) The evolution paths of the system. (b) The probability of tripartite evolution over time.
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verification requirements paradoxically reduce regulatory intensity,

ultimately undermining the sustainability of the transition. These

evolutionary paths reveal a core dilemma that incentive intensity

conflicts with sustainability, and a single subsidy policy fails to drive

lasting decarbonization in the shipping industry. Effective solutions

require integrated mechanisms that combine the carbon market,

technological innovation support, and a collaborative governance

framework for shipping carbon reduction.

5.2.3 Perceived coefficients analysis
Tversky and Kahneman (1992) established that risk attitude

coefficient a = 0:88 and loss aversion coefficient l = 2:25 represent

typical decision-maker preferences. Substituting baseline values

into growth stage, which are a = 0:88 and l = 2:25, the system

state changes from (1,1,1) to (1,1,0), and this result is shown in

Figure 13. We analyze how perceived value coefficients influence

carbon governance system in shipping industry.

First, we assign a as a = 0.4, 0.7, 0.88, 1, and the simulation

results are shown in Figure 14. It reveals the system state shift,

which is (low-carbon transition, no rent-seeking, loose regulation)

at a = 0.4, 0.7, 0.88; while a = 1, the system converges to (low-

carbon transition, no rent-seeking, strict regulation). Notably,

government strategies exhibit the highest sensitivity to the risk
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attitude coefficient in this stage, and regulation strategies shift

abruptly from loose to strict, thereby triggering corresponding

systemic changes when a = 1. Aggregate analysis reveals distinct

correlation patterns: (i) Shipping companies’ strategies exhibit a

negative correlation with a; (ii) Both CVAs and government

strategies demonstrate positive correlations with a. Through

prospect theory analysis, increasing a (with l fixed at 2.25)

elevates perceived value. When a = 1 and l = 2:25, the system

satisfies three critical constraints, which are Sa1 − Ra
1 −Ms − Fs −

S0 − lSat − lSap < 0, −Mc − Fc − lCa
p < 0, and G +Ms +Mc − Aa

0

< 0, thereby the system converges to (1,1,0). The evolutionary paths

indicate that stakeholders become more sensitivity to gains and

losses as the risk attitude coefficient increases, with effects magnified

at large absolute values.

Second, we assign l as l = 1:25, 2.25, 3.25 and 4.25, and the

simulation results are shown in Figure 15. This reveals a significant

change that when l exceeds 4.25, the system transitions from the

stable state (low-carbon transition, no rent-seeking, loose

regulation) to an unstable state. Specifically, shipping companies

and governments exhibit high sensitivity to the loss aversion

coefficient: (i) As l increases from 1.25 to 3.25, companies’

convergence toward low-carbon transition slows, while

governments’ regulatory strictness accelerates. (ii) At l = 4:25,
FIGURE 8

The numerical simulation result of the maturity stage. (a) The evolution paths of the system. (b) The probability of tripartite evolution over time.
FIGURE 9

The impact of low-carbon transition costs for stakeholders’ strategies. (a) Shipping company. (b) Carbon verification agency. (c) Government.
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accelerated strategic evolution paradoxically induces system

instability. Additionally, the CVAs’ convergence speed for no

rent-seeking increases with l. Through prospect theory analysis,

increasing l (with a fixed at 0.88) elevates perceived value. When

a = 0.88 and l = 4:25, the system only satisfies − l(Cp)
a < 0, while

the constraint conditions l(S1)a − Fs − (R1)
a − S0 − l(St)a − l(SP)a

< 0 and (A0)
a − G −Ms −Mc < 0 cannot be satisfied, which induces

systemic instability. The evolutionary paths indicate that a higher loss

aversion coefficient makes agents more sensitive to losses. When

losses exceed a threshold, the behavioral changes in one agent cascade

through the system, altering the strategies of other agents and

ultimately destabilizing the entire system.
6 Conclusions and implications

This study dedicates to inquire an effective approach to solve the

systemic data distortion risks in shipping carbon governance caused

by rent-seeking behavior. Based on prospect theory, we develop a

tripartite evolutionary game model involving shipping companies,

CVAs, and governments, enabling a thorough analysis of

stakeholders’ strategies and system stability. Moreover, we analyze

the evolutionary paths of ESS across various stages in shipping

carbon governance. Further, systemic dynamics modeling and

numerical simulations validate the conditions for achieving

equilibrium points, the impacts of key parameters, and perceived

coefficients on this system.
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The principal results are as follows. First, carbon governance in

shipping industry evolves dynamically throughout its lifecycle,

driven primarily by endogenous mechanisms within shipping

companies. Through voluntary abatement initiatives, shipping

companies compel CVAs to reject rent-seeking, thereby

enhancing carbon data credibility. This progression ultimately

enables industry self-regulation without governments. Second,

cost-benefit structures fundamentally drive stakeholders’

decisions. Shipping companies base their choices on the cost-

benefit rates of low-carbon transition, while anticipated rent-

seeking gains incentivize collusion. Government incentives and

punishments can achieve abatement targets as supplementary

tools, yet unlike green premiums created by ESG performance,

they fail to establish enduring self-sustaining mechanisms for

voluntary carbon reduction. Third, the perceived coefficients exert

differentiated effects on stakeholders. Shipping companies’ low-

carbon transition shows a significant negative correlation with

risk attitude and loss aversion coefficients, and increased values

slow the convergence of low-carbon transition. Conversely, the

positive strategies of CVAs and governments positively correlate

with these coefficients, and higher values accelerate evolution rates.

We present actionable governance implications for advancing

shipping carbon governance.

First, synergistic mechanisms between dynamic regulation and

endogenous drivers should be established. Governments should

integrate regulatory functions with guidance mechanisms to create

incentives and compatible patterns to strengthen both shipping
FIGURE 10

The impact of ESGs green premium for stakeholders’ strategies. (a) Shipping company. (b) Carbon verification agency. (c) Government.
FIGURE 11

The impact of rent-seeking costs for stakeholders’ strategies. (a) Shipping company. (b) Carbon verification agency. (c) Government.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1655085
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Chen et al. 10.3389/fmars.2025.1655085
companies’ self-sustaining green transition drivers and CVAs’

verification efficacy. During the initial governance stage, prioritize

cultivating strategic foresight in shipping companies and responsibility

awareness in CVAs through targeted institutional support. Once

stable carbon reduction mechanisms emerge in shipping companies,

governments should shift toward institutional enablers by perfecting

carbon-related policies and developing carbon market instruments.

Second, stakeholders’ cost-benefit structures should be

optimized. Dynamic incentive and punishment mechanisms must

be established according to cost investments and expected payoffs of

shipping companies and CVAs, thereby reducing rent-seeking

gains that incentivize collusion. Meanwhile, Blockchain-based

ESG evaluation systems should be developed and implemented

to enhance data authenticity and strengthen ESG’s market

influence. This improves real-time verification and raises rent-

seeking costs, preventing shipping companies from illicitly obtaining

carbon quotas.

Third, the perceived guidance of uncertain gains and losses for

stakeholders should be enhanced. Given the negative correlation of

shipping companies with the risk attitude and loss aversion coefficients,
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governments should implement customized management training

programs to guide companies in rationally assessing the risks and

returns of green technology adoption, moderating their overly

sensitive perception. For CVAs and government regulators,

responsibility awareness should be strengthened through mission-

oriented education and ethical development programs to reinforce

positive value perceptions.

Effective marine greenhouse gas mitigation requires not only

direct emission reduction from shipping transportation through

source control, but also strengthened carbon absorption and

sequestration capacities via blue carbon ecosystems. Fundamentally,

shipping carbon governance focusing on emission reduction from

maritime activities, and blue carbon governance centered on

protecting and enhancing marine carbon sinks constitute

complementary and interconnected climate mitigation strategies.

Both collectively lower atmospheric greenhouse gas concentrations.

This study has the following limitations, suggesting directions

for future research. Constrained by limited empirical data on

carbon emissions and opportunistic behavior costs under rent-

seeking conditions, simulation values were theoretically derived
FIGURE 13

The numerical simulation for a=0.88 and l=2.25 under growth stage conditions. (a) The evolution paths of the system. (b) The probability of
tripartite evolution over time.
FIGURE 12

The impact of subsidies and punishments for stakeholders’ strategies. (a) Shipping company. (b) Carbon verification agency. (c) Government.
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based on practical feasibility and system stability requirements.

Future work will systematically analyze stakeholders within blue

carbon markets, and using practical data to examine incentive

mechanisms, carbon credit verification protocols, and policy

integration frameworks to unlock synergistic climate benefits.
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