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Dynamic interactions of carbon reduction strategies in the shipping 

industry considering market cyclicality: a tripartite evolutionary 

game analysis 

Abstract: The carbon reduction requirement of the International Maritime 

Organization imposes huge compliance costs to the shipping community. This research 

explores the interactive mechanism of behavioral strategies among governments, 

carriers, and shippers based on a tripartite evolutionary game model. Different periods 

of shipping market fluctuations are discussed in the context of the carbon trading system. 

When the shipping market is prosperous, implementing low-carbon policies can more 

effectively enhance the enthusiasm of carriers for emission reduction. Additionally, this 

research conducts sensitivity analysis on carbon prices, subsidies and transportation 

costs, providing feasible suggestions for the green transformation of the shipping 

industry. 
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1. Introduction 

Maritime transportation accounts for the majority of international trade 

transportation needs, with over 105,000 merchant ships participating in this endeavor 

[1]. At the same time, the impact of the maritime industry on the atmosphere and water 

sources is also becoming more and more noteworthy. According to the International 

Maritime Organization (IMO)’s reports, the shipping industry's CO2 emissions account 

for 2%-3% of the global total. Furthermore, it is expected to become one of the fastest 
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growing industries in terms of greenhouse gas emissions [2,3]. 

Therefore, the issue of greenhouse gas emissions requires a joint response from 

countries around the world, and as a major user of Non-clean energy, China needs to 

pay greater attention to this issue [4]. In order to address the issue of increased global 

greenhouse gas emissions caused by ship carbon emissions, the IMO MARPOL 

stipulates the Energy Efficiency Design Index (EEDI), which requires ships to adopt 

new technologies during construction and equipment modification to reduce 

greenhouse gas emissions [5]. To mitigate greenhouse gas emissions, IMO has 

established a target for the global shipping industry to reduce its greenhouse gas 

emissions by 50% from 2008 levels by the year 2050 [6]. This necessitates the 

cooperation of individual nations with IMO in formulating policies to contribute to the 

reduction of greenhouse gas emissions in the global shipping sector [7]. 

The Carbon Emissions Trading Scheme (CETS) is primarily designed to regulate 

participants in the carbon emission market, thereby achieving control over the CO2 

emissions managed through a price mechanism [8,9]. The basic principle of carbon 

emission trading is that the government allocates carbon emission allowances to various 

enterprises. The carbon emissions of companies must not exceed the allocated 

allowances; otherwise, they will face penalties. These enterprises can also purchase 

additional allowances from the carbon market to increase their emission limits [10]. In 

2024, the European Union (EU) incorporated the shipping industry into the carbon 

emission trading system [11]. IMO has considered Market-Based Measures (MBMs) 

as one of the means to address uncertainties regarding the availability and affordability 

of alternative marine fuels [12]. 

China has implemented its carbon emission trading system across seven pilot 
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industries [13]. In recent years, with the increasing emphasis of the Chinese government 

on the development of a market-oriented green technology innovation system and green 

finance, China’s carbon emission trading system has also achieved very significant 

progress [14].  

This research constructs an evolutionary game model featuring governments, 

carriers and shippers as the main players. Carriers have the option to decide whether to 

invest in measures aimed at reducing carbon emissions, such as utilizing alternative 

fuels and retrofitting ships. Meanwhile, governments can opt to include the shipping 

industry in the carbon trading market. Finally, shippers have the option to decide 

whether to opt water transportation. It is worth noting that "shipper" does not 

necessarily refer specifically to a sea freight shipper, but can refer to any man who 

appoints a carrier to transport cargoes by any mode of transportation (e.g., the cargo 

owner or his agent). By examining the interactive evolutionary paths of each 

stakeholder throughout the game process, the following questions are raised: 

(1) Which phase of the shipping market cycle is more appropriate to incorporate 

the shipping industry into the CETS? 

(2) How will the evolutionary paths change with the maturation of low-carbon 

technologies and carbon market management?  

(3) How do carbon prices, as well as government subsidies and penalties for 

carriers, affect their strategy choices? 

To answer these questions, this study defines parameters in the expected return 

expression under a series of assumptions, solves the model, and obtains the 

corresponding strategy combination under each stable condition. Finally, through 
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numerical simulation analysis, the evolutionarily stable strategy is identified, and 

relevant policy suggestions are proposed. The contributions of this research to the issue 

of carbon emission reduction in shipping are as follows: 

(1) Although the issue of carbon emission reduction in shipping has been explored 

using evolutionary game theory, most studies have been confined to games of 

governments, carriers and regulatory authorities. There is a scarcity of research that 

takes shippers into account, and they haven’t considered the cyclical nature of the 

shipping market. This research considers shippers into the game in addition to 

governments and carriers, forming a dynamic tripartite evolutionary game model, 

which enables a precise depiction and reconstruction of the interaction mechanisms 

among various stakeholders in the process of carbon emission reduction in the shipping 

industry. 

(2) This research finds that cyclical fluctuations in the shipping market have a 

significant impact on the strategic choices of carbon emission reduction by various 

parties, encompassing the distinct characteristics of different stages such as market 

prosperity and recession. Existing literature on carbon emission reduction in the 

shipping industry often fails to take into account the cyclical fluctuations of the shipping 

market. When the government and carriers make strategic choices, the prosperity of the 

shipping market is an important factor that affects decision-making. Consequently, this 

research can offer effective recommendations regarding the timing of government 

policies aimed at reducing shipping emissions. 

(3) Existing studies often focus on a single carbon emission reduction policy 

mechanism in the shipping industry, without considering the combined effects of 

reward and punishment policies and market-based approaches. This leaves certain gaps 
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that need to be filled and improved. Therefore, this research takes into account several 

key parameters related to emission reduction policies, such as carbon trading prices, 

government subsidies, fines for excess emissions, and the intensity of government 

regulation, ensuring that the study has better practical applicability and long-term 

feasibility in addressing shipping carbon emission reduction issues. Recommendations 

are made on shipping carbon emission reduction under the comprehensive mechanism. 

2. Literature review 

The literature was summarized from three perspectives: research on shipping 

emission reduction policies, technological and economic analysis of carbon emission 

reduction measures and game theoretical models in green shipping. 

2.1 Research on shipping emission reduction policies 

One of the policy focuses of this research is the inclusion of the shipping industry 

in the carbon emission trading system. As for the market-oriented approach of carbon 

trading, researchers have found that it can achieve the development of both ecological 

and economic benefits simultaneously. Overall, Wu et al. [15] found that the CETS was 

the preferred approach for assisting the international shipping industry in reducing 

carbon emissions. Chen et al. [16] developed two carbon performance indices, and 

found that carbon trading policies have a significant positive effect on the achievement 

of carbon neutrality objectives. Furthermore, carbon emissions trading scheme can be 

effectively integrated with energy trading and digital trade, balancing ecological and 

economic benefits [17,18].  

When the government promotes the green transformation of industries, it often 

combines market-oriented approaches with a variety of incentive and penalty measures. 
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Therefore, subsidy and carbon tax policies are also key focuses of researchers' research. 

Li et al. [19] explored the impact of government low-carbon subsidies based on a game-

theoretic framework, pointing out that corporate decisions are highly sensitive to 

government subsidies and market preferences for low-carbon options. Li et al. [20] also 

found that the applicability of government subsidies for low-carbon technology and 

quantity subsidies for port and shipping enterprises varies with the low-carbon 

transportation preferences of shippers. Regarding the carbon tax, Song et al. [21] 

conducted a study on a supply chain system composed of carriers and ports, concluding 

that for governments to optimize both economic and ecological values, it is preferable 

to levy a reasonable carbon tax on shipping enterprises. Xing et al. [22] proposed a 

mixed-integer nonlinear programming model. The sensitivity analysis results indicate 

that the carbon tax policy is less effective in reducing carbon emissions compared to 

the carbon emissions trading policy. In summary, previous research on low-carbon 

policies has focused on the effectiveness of individual policies, whether policies 

balance economic and ecological benefits, and horizontal comparisons of the effects of 

different measures. Therefore, this study will focus on the game-theoretic issues of 

multiple stakeholders under the carbon emission trading system, with a particular 

emphasis on the combined effects of subsidies and administrative penalties. 

2.2 Technological and economic analysis of carbon emission reduction measures 

In this research, whether to invest in low-carbon transportation is regarded as the 

strategy space of the carrier. Specifically, the use of alternative energy sources is one of 

the main ways for carriers to invest in low-carbon transportation, including liquefied 

gases, methanol, and biofuels, etc. [23,24]. Researchers have conducted numerous 

studies on the application effectiveness of various alternative energy sources. Research 
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findings indicate that hydrogen and biofuels have better application effectiveness and 

potential. Tomos et al. [25] found that green hydrogen energy and bio-methanol have 

relatively good potential for reducing carbon emissions throughout their entire lifecycle 

from production to combustion. In the study by Carlisle et al. [26] on public attitudes 

towards the adoption of alternative fuels in the shipping industry, hydrogen and biofuels 

were also commended for their relatively low production of non-green by-products 

throughout their lifecycle. Besides, Balci et al. [27] surveyed the British public, 

analyzing their attitudes towards different alternative fuels. The results indicated that 

ammonia fuel was notably unpopular among the British populace. At the same time, 

due to the low-carbon transportation costs of carriers set in this research, the economic 

viability of alternative fuels has become one of the important factors affecting the 

evolutionary trajectory of the system. Mäkitie et al. [28] proposed that, despite 

Norway's position as a world leader in maritime technology, its application and 

innovation in alternative fuels remain in the early stages with application costs 

remaining high. Huang et al. [29] proposed that with the continuous refinement and 

optimization of low-sulfur fuel refining technology, the life-cycle cost of using 

alternative fuels is continuously decreasing, thereby enhancing the competitiveness of 

fuel switching and substitution options.  

In addition, ship technology retrofitting measures can also reduce shipping carbon 

emissions, while generating additional financial costs. Huang et al. [30] proposed a 0-

1 integer programming model under the Marine Emissions Trading Scheme (METS) to 

determine that within the range of parameter fluctuations, employing Waste Heat 

Recovery Systems (WHRSs) represents the optimal combination of emission reduction 

measures. In summary, the technical and economic analyses of low-carbon 

transportation for carriers by previous researchers have provided a theoretical and 
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practical basis for the assumptions regarding the low-carbon investment strategies of 

carriers in this research. 

2.3 Evolutionary game models in green shipping 

Evolutionary game models have been widely applied by researchers in the study 

of carbon emission reduction in shipping, with the research focus primarily 

concentrated on the interactions between governments and shipping companies. Xu et 

al. [31] applied an evolutionary game model to determine that the ESS convergence 

rate of participants in shipping decarbonization is negatively correlated with the 

implementation costs of policies such as taxes and subsidies, and positively correlated 

with the initial intentions of the parties involved. Shi et al. [32] proposed, based on 

evolutionary game analysis, that the increase in government subsidies enhances 

carriers' enthusiasm for adopting clean and energy-efficient vessels. Zhang et al. [33] 

constructed a four-party evolutionary game model and discovered that government 

incentives and regulation for carriers to reduce emissions are crucial, while the role of 

reputation mechanisms in social and environmental organizations cannot be overlooked.  

The evolutionary game of participant behavior under the carbon trading 

mechanism is also a focus of researchers' attention. The settings of various parameters 

related to the carbon emission trading system in previous studies are of great reference 

significance to the parameter settings in this research. Song et al. [34] combined the 

evolutionary game model with various regulatory synergistic effects and pointed out 

that the government's intervention measures in the CETS are highly efficient. Chen et 

al. [35] explored the factors affecting the stability of CETS through evolutionary game 

analysis and proposed that integrated incentive measures are more effective than simply 

adjusting the carbon price. Linghu et al. [36] established a tripartite evolutionary game 
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model and proposed that both the government's regulatory efforts and the willingness 

of enterprises to reduce emissions increase with carbon pricing. Sun et al. [37] pointed 

out based on evolutionary game theory that compared with the carbon tax policy, the 

combination of subsidy policy and CETS is more favorable for the development of 

renewable energy. Xiao et al. [38] used a multi-stage evolutionary game model to 

analyze and demonstrated that the binding force of the government's carbon quota 

policy increases with the growth of shipping market demand. 

In short, many previous studies have focused on the interactive mechanisms 

between governments and shipping companies in the context of the shipping industry's 

low-carbon transformation, the strategy choices of governments and all types of 

enterprises in the CETS, and factors affecting the stability of the CETS. However, there 

are few studies on the combination of CETS and the shipping market cycle. Therefore, 

this paper will, based on evolutionary game theory, combine CETS and the shipping 

market cycle theory, and analyze and explore the interactions among the government, 

carriers, and shippers. 

3. Evolutionary game model under CETS 

3.1 Description of stakeholders 

In the process of green and low-carbon transition in the shipping industry, the 

actions of carriers have a direct impact on this progress. The control of carbon emissions 

by carriers involves the upgrading and modification of ship exhaust treatment devices, 

as well as issues related to the design, construction, and technical equipment associated 

with the application of new energy fuels. These actions will lead to a significant 

increase in capital and operational costs. Therefore, the use of energy-saving and 

carbon-reducing technologies shares the same cost space as purchasing carbon 
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emissions quotas. An increase in carbon pricing will lead to an overall increase in the 

cost space. 

At the same time, the government will compensate carriers for the increased costs 

through subsidies for low-carbon operations, thereby enhancing their enthusiasm for 

emission reduction. For carriers that exceed their carbon emissions quotas, the 

government will opt to impose corresponding fines. Regarding the issue of whether to 

incorporate the shipping industry into the carbon trading market, the government needs 

to consider both the environmental benefits derived from the low-carbon development 

of the shipping industry and the regulatory costs required for market regulation. 

However, the government can offset some of the management costs by imposing carbon 

trading service fees. 

Shippers are sensitive to the price of cargo transportation. Given the lower unit 

cost of water transportation for bulk goods over long distances, shippers predominantly 

choose this mode. With the introduction and gradual implementation of low-carbon 

requirements in the shipping industry, both the costs associated with the research and 

application of low-carbon technologies and the carbon reduction expenses of carriers 

would probably be transferred to shippers, either directly or indirectly.  

Each strategic space encompasses two strategic options. Assuming that the 

government has the option to decide whether to include the shipping industry in the 

carbon trading market, the probability of inclusion is denoted as 𝑥 ∈ [0,1], while the 

probability of non-inclusion is represented as 1 − 𝑥. Carriers may choose to adopt low-

carbon technology, with the probability of engaging in low-carbon investment denoted 

as 𝑦 ∈ [0,1], and the probability of not engaging in low-carbon investment represented 

as 1 − 𝑦 . On the other hand, shippers can select between shipping and alternative 
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transportation mode, with the probability of choosing shipping denoted as 𝑧 ∈ [0,1], 

and the probability of selecting alternative transportation mode represented as 1 − 𝑧. 

The government's behavioral strategy set is {inclusion  𝐿1 , non-inclusion L2}; the 

carriers' behavioral strategy set is {engaging in low-carbon investment I1, not engaging 

in low-carbon investment I2}; the shippers' behavioral strategy set is {choosing 

shipping S1, opting for alternative transportation mode S2}. 

3.2 Assumptions of interaction between government and enterprises 

In the process of tripartite evolutionary game theory, the three parties will 

dynamically adjust their behaviors and strategies in response to specific circumstances, 

ultimately reaching an evolutionary stable state. Therefore, the following hypotheses 

are given: 

H1. The decision-making factors influencing the participants in shipping carbon 

emission reduction include economic and non-economic factors. Based on the basic 

assumptions of evolutionary game theory, this research acknowledges that all three 

parties aim to maximize their own interests [39,40]. Specifically, the three parties 

involved in reducing carbon emissions all have the characteristic of bounded rationality, 

and their actions are affected by the environment. Each individual is constantly learning 

by imitating others and cannot use prior knowledge to choose the behavioral strategy 

that maximizes their own interests. Instead, they must continuously adjust their 

strategies during the game process, using their limited cognitive and computational 

abilities to maximize their own interests and ultimately reach a relatively stable state 

[41]. 

H2. Assume that the government allocates a certain amount of carbon emission 

quotas to the carriers (ship owners, or Non-Vessel Operating Common Carrier) free of 
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charge, denoted by 𝐸0. Prior to investing in carbon emission reduction technologies, 

the carriers' carbon emissions are 𝐸1 , assuming 𝐸1 > 𝐸0 . Carriers are required to 

purchase corresponding quotas on the carbon trading market for excess emissions. After 

investing in carbon emission reduction technologies for ships, the emissions are 𝐸2, 

assuming  𝐸2 < 𝐸0. Consequently, carriers can sell the surplus quotas on the carbon 

trading market. If carriers purchase additional carbon emission quotas, they will transfer 

part of the additional costs to shippers in the form of surcharges. 

H3. During the boom period of the shipping market, when maritime transport 

capacity is in short supply, carriers have a high degree of pricing power. This research 

assumes that when carriers transfer too much cost to shippers in the form of freight rates 

and surcharges, the advantages of maritime freight rates at this time are not sufficient 

to offset the disadvantages of high maritime risks and slow speed. As a result, shippers 

will choose alternative modes of transport to complete the trade of goods with higher 

added value, such as air transport. They will also seek buyers who are more adaptable 

to other modes of transport, such as buyers along the China-Europe Railway Express 

route. Multimodal transport as an alternative to single maritime transport is also one of 

the options available to shippers at this time. The profit of choosing waterway 

transportation for shippers is designated as 𝐵1, while the profit of opting for alternative 

transportation is designated as 𝐵2, with 𝐵1  >  𝐵2. Under normal circumstances, the 

carrier's turnover is 𝐴 . However, when the shipper opts for alternative modes of 

transportation, the turnover changes to 𝐴′, with 𝐴 > 𝐴′. 

H4. Following the government's inclusion of the shipping industry in the carbon 

trading market, carriers that exceed their carbon emission quotas are required to 

purchase additional carbon emission allowances in the market. In practice, the 
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effectiveness of China's carbon market is closely tied to accompanying administrative 

measures. Therefore, the carbon market not only has market-based characteristics but 

also retains a certain degree of administrative or command-and-control features. If the 

carbon emissions of a carrier exceed the allowable limit, the government will impose 

fines on it. Since the regulatory efforts will be more stringent after incorporating the 

shipping industry into the carbon trading market, the regulatory intensity when the 

shipping industry is not included in the carbon trading market is denoted by 

𝜇 (0 < 𝜇 < 1). 

3.3 Model parameters and payoff matrix 

Based on the preceding hypothesis, the parameters are defined as shown in Table 

1. 

Table 1 Definition of model parameters 

Parameters Descriptions 

C1 

Regulatory costs arising from the government's inclusion of the shipping industry in the 

carbon trading market 

C2 Investment by carriers in reducing carbon emissions 

F Fines imposed by governments on carriers for exceeding carbon emissions limits 

R Environmental benefits arising from carbon emission reduction in the shipping industry 

A Turnovers of carriers when the shipper chooses waterway transportation 

A’ Turnovers of carriers when the shipper chooses alternative transportation 

E0 Carbon emission quotas allocated by governments to carriers 

E1 Carbon emissions of carriers without emission reduction measures 

E2 Carbon emissions of carriers when opting for emission reduction strategies 
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T Government revenues in the carbon emissions trading market 

p Carbon trading price 

α The coefficient of costs from investments in emission reduction transferred to shippers  

β The coefficient of additional costs from carbon trading transferred to shippers 

μ 

The regulatory intensity coefficient when the shipping industry is not included in the 

ETS 

B1 Profits of shippers when choosing waterway transportation 

B2 Profits of shippers when opting for alternative transportation 

ΔE Carbon emissions exceeding the allowable quota（𝛥𝐸 =  𝐸1 − 𝐸0） 

ΔE’ Carbon emissions below the allowable limit（𝛥𝐸′ =  𝐸0 − 𝐸2） 

S Government subsidies to carriers adopting carbon emission reduction strategies 

Based on the assumed conditions and variable settings, a payoff matrix can be 

constructed involving the tripartite entities of the government, carriers and shippers, as 

shown in Table 2. In the table, several parameters need to be explained. The parameter 

𝑇 represents the government's revenue in the CETS, which includes transaction fees 

and handling charges collected from both parties in the transaction, as well as a small 

portion of revenue from the auction of carbon emission allowances. The government 

generates this revenue to cover the costs of market management and carbon emission 

supervision within the carbon trading system. Therefore, in the government's revenue 

expression, 𝑇 is its income, represented as +𝑇. In contrast, the carrier is the subject 

of the government's revenue in this regard, and 𝑇 is its expenditure, represented as 

−𝑇. This is different from the fine 𝐹 and the carbon price 𝑝. The government collects 

fines from carriers that exceed carbon emission standards, while the buying and selling 

of carbon emission allowances is a market action between enterprises, in which the 
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government does not participate. 

Table 2 Payoff matrix 

Government 𝐿1(𝑥) 𝐿2(1 − 𝑥) 

Shippers 

Carriers 

𝐼1(𝑦) 𝐼2(1 − 𝑦) 𝐼1(𝑦) 𝐼2(1 − 𝑦) 

𝑆1(𝑧) 

−𝐶1 + 𝑅 + 𝑇 − 𝑆 

−(1 − 𝛼)𝐶2 + 𝐴 + 𝑝∆𝐸′ − 𝑇 + 𝑆 

𝐵1 − 𝛼𝐶2 

−𝐶1 + 𝐹 + 𝑇 

𝐴 − (1 − 𝛽)𝑝∆𝐸 − 𝐹 − 𝑇 

𝐵1 − 𝛽𝑝∆𝐸 

𝑅 − 𝑆 

−(1 − 𝛼)𝐶2 + 𝐴 + 𝑆 

𝐵1 − 𝛼𝐶2 

𝜇𝐹 

𝐴 − 𝜇𝐹 

𝐵1 

𝑆2(1 − 𝑧) 

−𝐶1 + 𝑅 + 𝑇 − 𝑆 

−𝐶2 + 𝐴′ + 𝑝∆𝐸′ − 𝑇 + 𝑆 

𝐵2 

−𝐶1 + 𝐹 + 𝑇 

𝐴′ − 𝑝∆𝐸 − 𝐹 − 𝑇 

𝐵2 

𝑅 − 𝑆 

−𝐶2 + 𝐴′ + 𝑆 

𝐵2 

𝜇𝐹 

𝐴′ − 𝜇𝐹 

𝐵2 

3.4 Expected benefits and dynamic replication equations 

In this research, the expected benefits of the three parties are expressed in 

equations. The expected benefit when government chooses to include the shipping 

industry in the carbon trading market is 𝑈𝐿1 , and the expected benefit from not 

including it is 𝑈𝐿2 . The expected benefit for the carriers opting for low-carbon 

investments is denoted as 𝑈𝐼1 , whereas the expected benefit for not pursuing low-

carbon investments is denoted as 𝑈𝐼2 . The expected benefit for shippers opting for 

water transportation is denoted as 𝑈𝑆1 , whereas the expected benefit for adopting 

alternative modes of transportation is denoted as 𝑈𝑆2. The expected benefits of three 

parties are denoted as 𝑈̅1，𝑈̅2 and 𝑈̅3.  
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According to evolutionary game theory, within the tripartite system comprising 

the government, carriers, and shippers, the probability of each entity making strategic 

choices varies over time. Three replication dynamic equations are established to 

describe the collective trend of the three entities towards stable evolutionary strategies 

through continuous selection. These equations can be expressed as follows (See 

Appendix A for details): 

𝐹(𝑥) = 𝑥(1 − 𝑥)(−𝐶1 + 𝐹 + 𝑇 − 𝜇𝐹 − 𝑦𝐹 + 𝑦𝜇𝐹) (1) 

𝐹(𝑦) = 𝑦(1 − 𝑦)(−𝐶2 + 𝑆 + 𝜇𝐹 + 𝑥𝑝∆𝐸′ + 𝑥𝑝∆𝐸 + 𝑥𝐹 − 𝑥𝜇𝐹 + 𝑧𝛼𝐶2 − 𝑥𝑧𝛽𝑝∆𝐸)

                                                                                                                                                       (2)
 

𝐹(𝑧) = 𝑧(1 − 𝑧)(𝐵1 − 𝐵2 − 𝑥𝛽𝑝∆𝐸 − 𝑦𝛼𝐶2 + 𝑥𝑦𝛽𝑝∆𝐸) (3) 

The partial derivative equations of 𝐹(𝑥), 𝐹(𝑦), and 𝐹(𝑧) with respect to 𝑥, 𝑦, 

and 𝑧 are as follows: 

𝐹𝑥
′(𝑥) = (1 − 2𝑥)(−𝐶1 + 𝐹 + 𝑇 − 𝜇𝐹 − 𝑦𝐹 + 𝑦𝜇𝐹) (4) 

𝐹𝑦
′(𝑦) = (1 − 2𝑦)(−𝐶2 + 𝑆 + 𝜇𝐹 + 𝑥𝑝∆𝐸′ + 𝑥𝑝∆𝐸 + 𝑥𝐹 − 𝑥𝜇𝐹 + 𝑧𝛼𝐶2 − 𝑥𝑧𝛽𝑝∆𝐸)

                                                                                                                                                      (5)
 

𝐹𝑧
′(𝑧) = (1 − 2𝑧)(𝐵1 − 𝐵2 − 𝑥𝛽𝑝∆𝐸 − 𝑦𝛼𝐶2 + 𝑥𝑦𝛽𝑝∆𝐸) (6) 

3.5 Selection of stable strategies conducive to carbon emission reduction 

In the process of evolutionary game theory, the ultimate outcome is the 

combination of strategies adopted by all parties that stabilizes the entire system. 

Therefore, equations (1), (2), and (3) are set equal to zero and solved simultaneously, 

resulting in nine equilibrium points. These include a mixed strategies point 
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𝐸∗(𝑥∗, 𝑦∗, 𝑧∗) composed of 𝑥∗, 𝑦∗, and 𝑧∗ that respectively render 𝐹(𝑥), 𝐹(𝑦), and 

𝐹(𝑧)  equal to zero, as well as eight equilibrium points  𝐸1(0, 0, 0) , 𝐸2(0, 0, 1) , 

𝐸3(0, 1, 0), 𝐸4(1, 0, 0), 𝐸5(1, 0, 1), 𝐸6(1, 1, 0), 𝐸7(0, 1, 1), and 𝐸8(1, 1, 1).  

Firstly，for an equilibrium point to achieve an evolutionarily stable strategy (ESS), 

it must satisfy both 𝐹(𝑥) = 𝐹(𝑦) = 𝐹(𝑧) = 0 and 𝐹𝑥′(𝑥), 𝐹𝑦′(𝑦), 𝐹𝑧′(𝑧) < 0. When 

subjected to minor disturbances, ESS exhibits robustness. This robustness specifically 

refers to the condition when the 𝑥 value is smaller than 𝑥∗, 𝐹(𝑥) must be greater 

than 0, and when 𝑥  is greater than 𝑥∗ , 𝐹(𝑥)  must be smaller than 0. Similar 

conditions are also applicable to 𝑦 and 𝑧. In this case, when one party deviates from 

the equilibrium due to random errors, its replicator dynamics equation will still return 

to the stable point [42]. To analyze the stability of the incremental behaviors of all 

parties involved, there are three scenarios to deal with: 

Scenario 1. When 𝑦 = 𝑦∗ =
𝐶1−𝐹−𝑇+𝜇𝐹

−𝐹+𝜇𝐹
, 𝐹(𝑥) = 0, regardless of the value of x. 

When 𝑦 > 𝑦∗, 𝑥 = 1 can satisfy the condition that 𝐹(𝑥) = 0 and 𝐹𝑥′(𝑥) < 0, when 

𝑦 < 𝑦∗, 𝑥 = 0 can satisfy the condition that 𝐹(𝑥) = 0 and 𝐹𝑥′(𝑥) < 0, making the 

state stable. The system's eventual evolution to a stable state is robust to changes in the 

parameters that determine 𝑦∗. 

Scenario 2. When 𝑧 = 𝑧∗ =
𝐶2−𝑆−𝜇𝐹−𝑥𝑝∆𝐸′−𝑥𝑝∆𝐸−𝑥𝐹+𝑥𝜇𝐹

𝛼𝐶2−𝑥𝛽𝑝∆𝐸
, 𝐹(𝑦) = 0, regardless 

of the value of y. When 𝑧 > 𝑧∗, 𝑦 = 1 can satisfy the condition that 𝐹(𝑦) = 0 and 

𝐹𝑦′(𝑦) < 0 , when 𝑧 < 𝑧∗ , 𝑦 = 0  can satisfy the condition that 𝐹(𝑦) = 0  and 

𝐹𝑦′(𝑦) < 0, making the state stable. The system's eventual evolution to a stable state is 

robust to changes in the parameters that determine 𝑧∗. 

Scenario 3. When 𝑥 = 𝑥∗ =
−𝐵1+𝐵2+𝑦𝛼𝐶2

𝛽𝑝∆𝐸+𝑦𝛽𝑝∆𝐸
, 𝐹(𝑧) = 0, regardless of the value of z. 
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When 𝑥 > 𝑥∗, 𝑧 = 1 can satisfy the condition that 𝐹(𝑧) = 0 and 𝐹𝑧′(𝑧) < 0, when 

𝑥 < 𝑥∗, 𝑧 = 0 can satisfy the condition that 𝐹(𝑧) = 0 and 𝐹𝑧′(𝑧) < 0, making the 

state stable. The system's eventual evolution to a stable state is robust to changes in the 

parameters that determine 𝑥∗. 

Secondly, evolutionarily stable strategies do not occur in mixed strategies [43]. 

The eight equilibrium points are considered ESS only when all eigenvalues of their 

Jacobian matrices are negative. Jacobian matrix 𝐽 is defined as follows (See Appendix 

B for details): 

𝐽 = (

𝐹𝑥′(𝑥) 𝐹𝑦′(𝑥) 𝐹𝑧′(𝑥)

𝐹𝑥′(𝑦) 𝐹𝑦′(𝑦) 𝐹𝑧′(𝑦)

𝐹𝑥′(𝑧) 𝐹𝑦′(𝑧) 𝐹𝑧′(𝑧)

) = (
𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

) (7)                                                  

The eigenvalues (𝜆) of the matrices corresponding to each equilibrium point, as 

well as the stability of each equilibrium point, are shown in Table 3. 

Table 3  

Eigenvalues and symbol 

Equilibrium points Eigenvalues Symbol 

𝐸1(0, 0, 0) 

𝜆1 = −𝐶1 + 𝑇 + 𝐹 − 𝜇𝐹 

𝜆2 = −𝐶2 + 𝑆 + 𝜇𝐹 

𝜆3 = 𝐵1 − 𝐵2 

(unsure, unsure, +) 

𝐸2(0, 0, 1) 

𝜆1 = −𝐶1 + 𝑇 + 𝐹 − 𝜇𝐹 

𝜆2 = −𝐶2 + 𝑆 + 𝜇𝐹 + 𝛼𝐶2 

𝜆3 = 𝐵2 − 𝐵1 

(unsure, unsure, -) 



19 

 

𝐸3(0, 1, 0) 

𝜆1 = −𝐶1 + 𝑇 

𝜆2 = 𝐶2 − 𝑆 − 𝜇𝐹 

𝜆3 = 𝐵1 − 𝐵2 − 𝛼𝐶2 

(unsure, unsure, 

unsure) 

𝐸4(1, 0, 0) 

𝜆1 = 𝐶1 − 𝑇 − 𝐹 + 𝜇𝐹 

𝜆2 = −𝐶2 + 𝑆 + 𝑝∆𝐸′ + 𝑝∆𝐸 + 𝐹 

𝜆3 = 𝐵1 − 𝐵2 − 𝛽𝑝∆𝐸 

(unsure, unsure, 

unsure) 

𝐸5(1, 0, 1) 

𝜆1 = 𝐶1 − 𝑇 − 𝐹 + 𝜇𝐹 

𝜆2 = −𝐶2 + 𝑆 + 𝑝∆𝐸′ + 𝑝∆𝐸 + 𝐹 + 𝛼𝐶2 − 𝛽𝑝∆𝐸 

𝜆3 = −𝐵1 + 𝐵2 + 𝛽𝑝∆𝐸 

(unsure, unsure, 

unsure) 

𝐸6(1, 1, 0) 

𝜆1 = 𝐶1 − 𝑇 

𝜆2 = 𝐶2 − 𝑆 − 𝑝∆𝐸′ − 𝑝∆𝐸 − 𝐹 

𝜆3 = 𝐵1 − 𝐵2 − 𝛼𝐶2 

(unsure, unsure, 

unsure) 

𝐸7(0, 1, 1) 

𝜆1 = −𝐶1 + 𝑇 

𝜆2 = 𝐶2 − 𝑆 − 𝜇𝐹 − 𝛼𝐶2 

𝜆3 = −𝐵1 + 𝐵2 + 𝛼𝐶2 

(unsure, unsure, 

unsure) 

𝐸8(1, 1, 1) 

𝜆1 = 𝐶1 − 𝑇 

𝜆2 = 𝐶2 − 𝑆 − 𝑝∆𝐸′ − 𝑝∆𝐸 − 𝐹 − 𝛼𝐶2 + 𝛽𝑝∆𝐸 

𝜆3 = −𝐵1 + 𝐵2 + 𝛼𝐶2 

(unsure, unsure, 

unsure) 

Since 𝐸1(0,0,0) has eigenvalues that are always greater than 0, this equilibrium 

point cannot serve as an ESS, while the other seven equilibrium points can achieve ESS 

under specific conditions, and the specific conditions are shown in Table 4. In the 

tripartite game system of the government, carriers, and shippers set in this research, in 

terms of ecological benefits and the carrier's decision to invest in low-carbon 

transportation is conducive to the greening of the shipping industry. In terms of 

economic benefits, if the carrier does not charge the shipper with excessively high 

freight and surcharges, the shipper will maintain the original maritime trade business, 

ensuring that the interests of both parties remain balanced. Since the carbon emission 

trading system is the key mechanism studied in this research, we choose {Government 
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incorporating the shipping industry into the CETS, carriers investing in low-carbon 

transformation, and shippers not altering their transportation mode choices} as the 

expected stable state for numerical simulation. 

Table 4  

Specific conditions to achieve an ESS 

Equilibrium points Conditions 

𝐸2(0, 0, 1) 

(1 − 𝜇)𝐹 + 𝑇 < 𝐶1 

𝜇𝐹 < (1 − 𝛼)𝐶2 

𝐸3(0, 1, 0) 

𝑇 < 𝐶1 

𝐶2 < 𝜇𝐹 

𝐵1 − 𝛼𝐶2 < 𝐵2 

𝐸4(1, 0, 0) 

𝐶1 < (1 − 𝜇)𝐹 + 𝑇 

𝑝∆𝐸′ + 𝑝∆𝐸 + 𝐹 < 𝐶2 

𝐵1 − 𝛽𝑝∆𝐸 < 𝐵2 

𝐸5(1, 0, 1) 

𝐶1 < (1 − 𝜇)𝐹 + 𝑇 

𝑝∆𝐸′ + (1 − 𝛽)𝑝∆𝐸 + 𝐹 < (1 − 𝛼)𝐶2 

𝐵2 < 𝐵1 − 𝛽𝑝∆𝐸 

𝐸6(1, 1, 0) 

𝐶1 < 𝑇 

𝐶2 < 𝑝∆𝐸′ + 𝑝∆𝐸 + 𝐹 

𝐵1 − 𝛼𝐶2 < 𝐵2 

𝐸7(0, 1, 1) 

𝑇 < 𝐶1 

(1 − 𝛼)𝐶2 < 𝜇𝐹 

𝐵2 < 𝐵1 − 𝛼𝐶2 

𝐸8(1, 1, 1) 

𝐶1 < 𝑇 

(1 − 𝛼)𝐶2 < 𝑝∆𝐸′ + (1 − 𝛽)𝑝∆𝐸 + 𝐹 

𝐵2 < 𝐵1 − 𝛼𝐶2 

4. Tripartite evolutionary game simulation analysis 
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4.1 Evolutionary game model based on system dynamics 

The system dynamics (SD) model serves as a tool that aids decision-makers in 

comprehending the dynamic behavior of complex systems and provides a reliable 

foundation for formulating effective policies and strategies. Additionally, due to its 

dynamic and comprehensive nature, the SD model can be applied to a variety of 

scenarios and domains. In evolutionary game theory, interactions among multiple 

parties are commonly involved. The SD model effectively integrates the strategies and 

behaviors of multiple parties to construct complex system structures. The SD model is 

applied to integrate the strategies and behaviors of three stakeholders: the government, 

carriers, and shippers in the context of the government's inclusion of the shipping 

industry in the carbon emissions trading system. This is done to analyze their 

interactions and their impact on the ultimate carbon reduction outcomes within the 

entire shipping industry, exploring the interdependencies and feedback mechanisms of 

each party's behavior. 

To clearly depict the time-varying characteristics and accumulation process of the 

system, a stock and flow diagram are constructed, as shown in Figure 1. The stock and 

flow diagram encompasses flow, stock, and rate. In the tripartite evolutionary game, the 

stock represents the initial probability of each party choosing an active strategy, denoted 

as 𝑥 , 𝑦 , and 𝑧 , indicating the accumulation within the system; the flow represents 

other preset parameters; rate represents the change rate of stock, denoted as 𝐹(𝑥) , 

𝐹(𝑦), and 𝐹(𝑧). 
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Figure 1．SD model of government, carriers and shippers involving carbon reduction. 

4.2 Initial parameters and initial tendencies 

The simulation results of the evolutionary game model typically depend on the 

relative magnitudes and ratios of the parameters. To ensure the credibility and reliability 

of the model, this research determines the parameter values in conjunction with 

empirical data and relevant literature. Sensitivity analysis is also conducted to 

demonstrate that the conclusions are robust within a reasonable range of parameters. 

This research sets the value range for carbon price numerical simulation based on the 

review and forecast of carbon prices in the Chinese and EU carbon markets from 2018 

to 2030, as referenced in the studies by Pietzcker et al. [44] and Lu et al. [45]. In Section 

4.6, the value of the subsidy parameter is referenced from the ratio of government low-

carbon subsidies to carbon taxes in the studies by Chen et al. [46]. Based on the research 

by Groger et al. [47] and Fisch-Romito et al. [48] on the costs of clean energy 
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application and low-carbon transportation, assumptions are made about the values of 

carriers' investments in low-carbon initiatives. The values of the other parameters are 

referenced from the evolutionary game studies on carbon emission trading by Zhang et 

al. [49] and Liu et al. [50].  

 Eight parameters are discussed in detail. When determining the initial values, a 

reasonable range is first identified, and then the middle value is taken. During the 

subsequent simulation, sensitivity analysis will be conducted by changing the values to 

ensure the applicability and consistency of the model.  

In terms of cost parameters, the cost 𝐶1  of introducing the carbon emission 

trading market to the shipping industry by the government is divided into the cost of 

building and maintaining the trading platform, upgrading the MRV system, and training 

professionals. Referring to existing literature and cases of various economies, the cost 

range for these three aspects is set at 1-2 million US dollars each, totaling 4 million 

dollars. The carrier's emission reduction cost 𝐶2 is referenced from the annual fuel cost 

of a single ship using scalable zero-emission fuel on the trans-Pacific route, which is 

approximately 20 million dollars. Therefore, 𝐶2 is set at 240 million dollars, and the 

initial value of the subsidy 𝑆 is set at 33.3% of the carrier's emission reduction cost. 

On the shipper's side, since the revenue of foreign trade enterprises of different sizes 

varies greatly, a medium-sized enterprise with an annual profit of 200 million dollars is 

used as the benchmark. The annual profit parameters 𝐵1 and 𝐵2 of the cargo owner 

enterprises are set at 100 - 400 million dollars. Finally, referring to the recent EU carbon 

price of 80 dollars per ton, the initial value of the carbon price 𝑝 is set at 70 dollars 

per ton. To study the general case rather than the periods of extreme prosperity and 

depression in the shipping market, the cost pass-through coefficients 𝛼 and 𝛽 are set 



24 

 

at the midpoint of 0 to 1. These values will be changed within a reasonable range in the 

sensitivity analysis section for further discussion. 

The remaining four parameters are not the focus of this study and have not been 

subjected to sensitivity analysis. Their values are determined as follows. Based on fuel 

consumption and voyage distance calculations, the annual carbon emissions of a large 

container ship operating on the Pacific route are approximately 30,000 to 100,000 tons. 

The initial values of the annual carbon emission changes ∆𝐸 and ∆𝐸′ for shipping 

companies are set at 1 to 3 million tons. The excess emission penalty 𝐹 is determined 

based on a subsidy-to-penalty ratio of 1:1, with a value of 40 million dollars. The 

government's revenue from account opening fees, transaction fees, and other charges 

for establishing and managing the shipping carbon trading market is determined based 

on the cost 𝐶1 of setting up the shipping carbon trading market 𝐶1 million dollars, 

totaling 5 million dollars. Since the government will neither be completely inactive nor 

strictly regulated in the absence of a shipping carbon market, the regulatory intensity 

𝜇 is set at the midpoint of 0 to 1. 

Table 5  

Initial parameter settings 

Parameters 𝐶1 𝐶2 𝑝 ∆𝐸 ∆𝐸′ 𝐹 𝐵2 𝐵1 𝑇 𝛼 𝛽 𝜇 

Values 4 240 70 2 1 40 200 360 5 0.5 0.6 0.6 

After constructing the stock flow diagram and assigning values to various 

variables in Figure 1 based on the initial parameters set in Table 5, Vensim PLE 7.3.2 

is applied for numerical simulation analysis of the entire system dynamics model [51]. 

Since the carbon emission reduction behavior of the entire shipping system is primarily 
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driven by various government carbon emission trading policies, under the parameters 

given in Table 5, the initial probability of carriers and shippers adopting active strategies 

is fixed at 0.5. By adjusting the government's initial willingness to include the shipping 

industry in the carbon emission trading system, its impact on the evolutionary path of 

the three-party strategies is shown in Figure 2. 

Figure 2 demonstrates that the willingness of carriers to invest in low-carbon 

transportation is highly sensitive to the government's initial inclination to incorporate 

the shipping industry into the carbon emissions trading system. The government's initial 

preference significantly impacts the speed at which carriers reach a stable state. In 

comparison, shippers' decisions regarding the choice of transportation mode are less 

sensitive to the government's initial inclination, and the government's initial preference 

has a lower impact on the speed at which shippers reach a stable state. 

  

(a) The influence of the initial value of 𝑥 on the evolution of 𝑥. 
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(b) The influence of the initial value of 𝑥 on the evolution of 𝑦. 

 

 

(c) The influence of the initial value of 𝑥 on the evolution of 𝑧. 

Figure 2．The impact of the government's initial intention on the evolutionary paths of the three parties.  

4.3 System evolution path 

In this section, MATLAB R2024a software is utilized for simulation analysis of 

the model [52]. Figure 3 illustrates the evolutionary path and ultimate stable state of the 
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entire system when the initial willingness of all three parties to adopt active strategies 

is 0.1. 

 

Figure 3．The evolutionary path diagram towards an ideal stable state. 

The final stable state mentioned above is the stable state represented by 𝐸8(1,1,1). 

In addition, we have also conducted numerical simulation for the six other stable points 

that can become ESS, which are divided into the following 6 scenarios. The eigenvalues 

𝜆3 of 𝐸1(0,0,0) is always greater than 0, which means it cannot reach a stable state and 

will not be discussed. 

Scenarios 1，𝑬𝟐(𝟎, 𝟎, 𝟏): When the government's management cost for the carbon 

trading market and the regulatory cost for corporate carbon emissions are too high. 

Based on the conditions of (1 − 𝜇)𝐹 + 𝑇 < 𝐶1 in Table 4, the following parameter 

values are modified: 𝐶1 = 22. The system will eventually stabilize at state 𝐸2(0,0,1), 

as shown in Figure 4(a). 

Scenarios 2，𝑬𝟑(𝟎, 𝟏, 𝟎): When the government's costs are too high, and fines for 

high-carbon emitters are excessively high while the competitive advantage of waterway 

freight rates is reduced. Based on the conditions of 𝑇 < 𝐶1  ,  𝐶2 < 𝜇𝐹  and 𝐵1 −
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𝛼𝐶2 < 𝐵2  in Table 4, the following parameter values are modified: 𝐶1 = 10, 𝐵1 =

300, 𝐹 = 450.  The system will eventually stabilize at state 𝐸3(0,1,0) , as shown in 

Figure 4(b). 

Scenarios 3，𝑬𝟒(𝟏, 𝟎, 𝟎): When the competitive advantage of waterway freight 

rates and the carbon price both decrease. Based on the conditions of 𝑝∆𝐸′ + 𝑝∆𝐸 +

𝐹 < 𝐶2  and 𝐵1 − 𝛽𝑝∆𝐸 < 𝐵2  in Table 4, the following parameter values are 

modified: 𝐵1 = 260, 𝑝 = 60. The system will eventually stabilize at state 𝐸4(1,0,0), 

as shown in Figure 4(c). 

Scenarios 4，𝑬𝟓(𝟏, 𝟎, 𝟏): When the cost of low-carbon transportation is too high 

due to energy and technology issues. Based on the conditions of 𝑝∆𝐸′ +

(1 − 𝛽)𝑝∆𝐸 + 𝐹 < (1 − 𝛼)𝐶2 in Table 4, the following parameter values are modified: 

𝐶2 = 360. The system will eventually stabilize at state 𝐸5(1,0,1), as shown in Figure 

4(d). 

Scenarios 5，𝑬𝟔(𝟏, 𝟏, 𝟎): When the supply-demand imbalance in the shipping 

market is too severe. Based on the conditions of 𝐵1 − 𝛼𝐶2 < 𝐵2  in Table 4, the 

following parameter values are modified: 𝛼 = 0.9. Carriers will pass most of the low-

carbon costs on to shippers, causing the system to eventually stabilize at state 

𝐸6(1,1,0), as shown in Figure 4(e). 

Scenarios 6，𝑬𝟕(𝟎, 𝟏, 𝟏): When both the government's management costs and the 

fines for high-carbon emissions by carriers are relatively high. Based on the conditions 

of 𝑇 < 𝐶1  and (1 − 𝛼)𝐶2 < 𝜇𝐹 in Table 4, the following parameter values are 

modified: 𝐶1 = 10, 𝐹 = 240. The system will eventually stabilize at state 𝐸7(0,1,1), 

as shown in Figure 4(f).   
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(a) scenarios 1 𝐸2(0,0,1)               (b) scenarios 2 𝐸3(0,1,0) 

 

(c) scenarios 3 𝐸4(1,0,0)               (d) scenarios 4 𝐸5(1,0,1) 

 

(e) scenarios 5 𝐸6(1,1,0)                (f) scenarios 6 𝐸7(0,1,1) 

Figure 4．The evolutionary paths under the six scenarios 

To verify that the final stable state of the system evolution is not influenced by the 

initial intentions of the three parties under the condition of fixed initial parameters in 

Table 5, this research conducted an evolutionary path simulation for 729 combinations 

of initial strategies, with each party's initial probability ranging from 0.1 to 0.9, and a 
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step size of 0.1, as shown in Figure 5. It can be observed that regardless of the initial 

intentions of the three parties, the final stable state remains unaffected under the 

condition of constant initial parameters. 

 

Figure 5．The evolutionary paths under the combination of 729 initial intentions from three parties. 

4.4 Prosperity of the shipping market (α, β) 

When the shipping market is booming, there is a high demand for transportation 

and a shortage of capacity, which gives carriers the upper hand and allows them to shift 

more costs to shippers. However, during a downturn, there is an excess of capacity and 

insufficient demand, making it impossible for carriers to shift costs at a higher transfer 

coefficient. To analyze the sensitivity of the three parties to the prosperity of the 

shipping market, 𝛼 and 𝛽 vary from 0.4 to 0.6, and the evolutionary path changes of 

the three parties under different transfer coefficients are illustrated, as shown in Figure 

6. According to Figure 6, carriers' willingness towards low-carbon investment is highly 

sensitive to changes in the prosperity of the shipping market, whereas governments and 

shippers exhibit lower sensitivity to market fluctuations when making strategic choices. 
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Figure 6．Sensitivity of the transfer coefficient among three parties. 

4.5 Carbon trading prices (p) 

The role of ETS in the shipping market and the structure of the multimodal 

transport network are subject to changes in response to fluctuations in carbon prices 

[53,54]. Ultimately, such variations will have an impact on the effectiveness of carbon 

emission reduction [55]. Figure 7 shows the evolutionary paths of the three parties 

under different carbon prices. When the value of 𝑝 ranges from 10 to 40, the final 

evolutionary stable state is (1, 0, 1), indicating that carriers will not invest in low-carbon 

transportation when the carbon trading price is low.  
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Figure 7．The evolution of three parties under different carbon trading prices (𝑝). 

Based on the sensitivity analysis of the three parties to carbon price changes shown 

in Figure 8, carriers' willingness to invest in low-carbon initiatives is highly sensitive 

to changes in the carbon trading price, while the government's willingness to include 

the shipping industry in the carbon emission trading system exhibits lower sensitivity 

to carbon trading price fluctuations, and shippers are insensitive to this. 

 

Figure 8. Sensitivity of carbon trading price among three parties. 

4.6 The government’s subsidies to carriers (S) 

To explore the government subsidy policy, this research takes values for the 

subsidy 𝑆 in this section, as shown in Table 6. The evolutionary paths before and after 

the implementation of the subsidy measures are plotted in the same graph, as shown in 

Figure 9. According to Figure 9, when the government provides subsidies for the 

carrier's emission reduction investment, it significantly accelerates the carrier's 

evolution towards a stable state, greatly increasing the carrier's inclination to reduce 

carbon emissions. However, it also slightly slows down the government's evolution 

towards a stable state. 
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Table 6  

Parameter settings when considering subsidies 

parameters 𝐶1 𝐶2 𝑝 ∆𝐸 ∆𝐸′ 𝐹 𝐵2 𝐵1 𝑇 𝛼 𝛽 𝜇 𝑆 

values 4 240 70 2 1 40 200 360 5 0.5 0.6 0.6 40 

 

Figure 9. Comparison of evolutionary paths before and after the implementation of subsidy policies. 

Figures 10 and 11 respectively show the system's evolutionary paths under 

different levels of government subsidies and the sensitivity of the three parties to them. 

An increase in government subsidies to carriers continuously enhances their inclination 

to invest in low-carbon transportation. Both the government and carriers are sensitive 

to the increase in subsidies. Notably, when 𝑆 increases from 80 to 120, the sensitivity 

of both parties decreases significantly compared to when 𝑆 increases from 40 to 80. 

This indicates that as the subsidy level increases, the sensitivity of both the government 

and carriers to 𝑆 decreases. 
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Figure 10．The evolution of three parties under different subsidies (𝑆). 

 

Figure11. Sensitivity of subsidy among three parties. 

4.7 Differences in transportation costs (B1 - B2) 

To analyze the impact of the magnitude of waterway transportation fare 

advantages on the system, Figures 12 and 13 show the evolutionary paths and 

sensitivity of the three parties under different transportation costs. According to Figure 

12, as the value of 𝐵2 increases from 160 to 280, the willingness of shippers to opt for 

water transportation decreases. At a 𝐵2  value of 280, shippers tend to choose 
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alternative modes of transportation. According to Figure 13, the government has a lower 

sensitivity, carriers have a slightly higher sensitivity to the transportation cost gap, and 

shippers are very sensitive to the cost differences between transportation modes. 

  

Figure 12．The evolution of tripartite interactions under different transportation cost differences 

  

Figure 13. Sensitivity of the transportation cost differences among three parties. 

4.8 Government and carrier costs (C1, C2) 

The government's carbon trading market management costs and monitoring costs 

for corporate carbon emissions, as well as the low-carbon costs of shipping companies, 
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are important factors affecting the willingness of both parties. As shown in Figure 14, 

with the optimization of management processes and the automation of carbon emission 

monitoring, the reduction of government cost 𝐶1 has a significant positive incentive 

effect on its active promotion of carbon trading policies in the shipping industry. 

Moreover, with the maturation of low-carbon technologies, the decrease in carriers' 

low-carbon cost 𝐶2 can also enhance their enthusiasm for emission reduction. 

 

(a) Government cost 

 

(b) Carrier cost 

Figure 14. Sensitivity of C1, C2 differences among three parties. 
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5. Discussion 

5.1 Prosperity of the shipping market (α, β) 

According to the shipping cycle theory, the shipping market is divided into 

depression, recovery, prosperity, and recession periods [56]. During different periods 

of market fluctuations in the shipping area, the supply-demand relationship between 

carriers and shippers also changes continuously, corresponding to different cost transfer 

coefficients. As the prosperity of the shipping market increases, the value of the transfer 

coefficient also rises accordingly. According to sensitivity analysis, carriers are highly 

sensitive to the transfer coefficient. When carriers are able to transfer more emission 

reduction costs to shippers, their willingness to choose low-carbon business routes 

greatly increases with the proportion of costs transferred. In contrast, due to the 

significantly higher transportation costs of other alternative modes of transport 

compared to maritime transport, when carriers transfer more low-carbon costs to 

shippers, their willingness to choose alternative modes of transport over maritime 

transport changes very little. 

5.2 Carbon trading prices (p) 

In the carbon emission trading system, the carbon price is a core element. 

Simulation results show that within a reasonable range, increasing the carbon price can 

effectively motivate carriers to invest in low-carbon transportation. Carriers are highly 

sensitive to changes in carbon prices: when carbon prices are low, carriers are 

significantly less proactive in investing in low-carbon transportation and tend to 

maintain the status quo to control costs. However, as carbon prices gradually rise, the 

choices for carriers also change. On the one hand, if they choose not to reduce emissions 

and instead purchase additional carbon emission allowances, their emission costs will 
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increase significantly. On the other hand, if they actively reduce emissions and sell 

surplus allowances on the market, they can create additional revenue. 

5.3 Government subsidies to carriers (S) 

To accelerate the process of low-carbon transportation in the shipping industry and 

promote its green transformation, the government will subsidize carriers for their 

additional low-carbon investment costs. According to simulation results, as 𝑆 values 

from 30 to 120 as the subsidy intensity values from 12.5% to 50% of the carrier's low-

carbon costs, the carrier's enthusiasm for emission reduction increases with the increase 

in subsidies. This part of the subsidy occupies a portion of the government's fiscal 

revenue, leading to the evolution speed of the government slowing down. Meanwhile, 

according to the sensitivity analysis of 𝑆, the sensitivity of both the government and 

carriers to the subsidy intensity will decrease as its value increases, indicating that when 

implementing subsidy policies in practice, as the total subsidy increases, its incentive 

effect on carriers will gradually diminish. 

5.4 Differences in transportation costs (B1 - B2) 

The advantage of water transportation is that shippers can pay lower unit 

transportation costs by choosing water transportation. However, when the 

transportation costs of other alternative modes of transportation, such as railways with 

more improved infrastructure or air transportation with integrated opportunities, decline, 

the competitiveness of water transportation will decrease accordingly. When the freight 

advantage of water transportation is insufficient to compensate for the additional 

surcharge for water transportation, shippers will be more inclined to choose other 

alternative modes of transportation (in this research, the transportation cost of 

alternative modes decreases to 2.5 times the cost of water transportation). 
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6. Conclusions and policy recommendations 

6.1 Conclusions  

This research constructs an innovative three-party evolutionary game model that 

integrates the three main bodies of the government, carriers, and shippers. It breaks 

through the limitations of previous studies that only analyzed the interactions between 

the government and shipping companies, thereby more accurately depicting the 

interaction mechanisms of all stakeholders in the shipping industry's emission reduction 

process. At the same time, we have introduced the perspective of the cyclical 

fluctuations of the shipping market in our analysis, providing more temporally relevant 

suggestions for the government to formulate shipping emission reduction policies. 

Combined with sensitivity analysis and steady-state robustness analysis, the practicality 

and long-term feasibility of the model in guiding the green transformation of shipping 

have been significantly enhanced. Based on the numerical simulation results and 

sensitivity analysis presented in this research, the following conclusions can be drawn: 

(1) In the complex system of shipping carbon emission trading, although the final 

strategic choices of all parties will not change under specific conditions due to changes 

in their initial intentions, the government's initial tendency will still have a significant 

impact.  

(2) During periods of prosperity in the shipping market, carriers take a higher 

position relative to shippers. At this time, carriers can transfer more low-carbon costs 

to shippers in the form of increased surcharges, and their enthusiasm for implementing 

green retrofits on ships will also be significantly enhanced.  
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(3) Increasing carbon pricing within a reasonable range can significantly enhance 

carriers' initiative and enthusiasm for low-carbon shipping, prompting them to increase 

revenue by reducing emissions and trading excess carbon allowances, rather than 

merely maintaining the status quo to save costs.  

(4) Providing subsidies to carriers for their emission reduction efforts can serve as 

a positive incentive. The government needs to dynamically adjust its policies based on 

carriers' actual low-carbon investments. According to the sensitivity analysis in this 

research, subsidies that cover approximately 10%-30% of carriers' low-carbon 

investment costs yield good results. 

(5) Subsidizing carriers' emission reduction efforts can serve as an effective 

incentive. Sensitivity analysis in this study indicates that subsidies covering 

approximately 10%-30% of operators' low-carbon investment costs prove most 

effective. In practice, subsidy levels should be adjusted based on government fiscal 

conditions: during periods of fiscal constraints, subsidy intensity should be reduced, 

whereas when sufficient decarbonization funds are available, appropriately increasing 

the subsidy proportion can highly efficiently incentivize carriers' carbon reduction 

initiatives—though the diminishing marginal utility effect must be considered. 

(6) The low-carbon costs of carriers and the costs incurred by the government in 

incorporating the shipping industry into the CETS can undergo significant changes due 

to real-world factors such as policy adjustments, evolving regulatory frameworks, and 

technological innovations. These changes, in turn, can fundamentally affect the 

willingness and evolutionary paths of both the government and the carriers. 

(7) In the context of carbon emission reduction in the shipping industry, this 

research integrates market-based instruments, subsidies, and penalty policies for excess 
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emissions to study the interactions among the government, shipping-related carriers, 

and shippers. As the global economic situation changes and international regulations on 

carbon emissions become increasingly stringent, more policies and mechanisms will be 

proposed. This study is expandable in this regard, and the introduction of new 

mechanisms can be achieved through modifications of parameters and payoff matrices. 

6.2 Policy recommendations 

The tripartite evolutionary game model proposed in this study has achieved an 

effective dynamic analysis of the participation of multiple stakeholders in the carbon 

emission reduction of the shipping industry, and the following suggestions are put 

forward: 

(1) In order to effectively implement shipping carbon emission trading policies, 

the government needs to demonstrate a high degree of determination and action in the 

initial stage. Through effective policy guidance and incentives in a relatively short 

period of time, the government can efficiently promote all parties to actively participate 

in the action of shipping carbon emission reduction. Consequently, the entire shipping 

carbon emission trading system can quickly reach a steady state and continuously 

improve market efficiency. 

(2) In the process of incorporating the shipping industry into the carbon emissions 

trading system, the government needs to conduct a macro-level identification of the 

phase of the shipping market. Governments should choose to implement green emission 

reduction policies for the shipping industry during periods of high prosperity in the 

shipping market, such as the two-tier compliance system proposed at MEPC 83 and the 

shipping carbon emissions trading policy. 
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(3) The setting of carbon pricing requires comprehensive consideration of various 

factors such as the supply-demand relationship in the energy and transportation markets, 

changes in overall emission reduction targets, economic conditions, and geopolitical 

factors to ensure its effectiveness and rationality. Therefore, the government should 

strengthen market monitoring and analysis, promptly adjust the carbon quota allocation 

mechanism to adapt to market changes. At the same time, international cooperation 

should be strengthened to promote mutual coordination of the global carbon pricing 

mechanism and create a favorable policy environment for the low-carbon 

transformation of the shipping industry. 

(4) It is necessary to standardize the subsidy approval process and improve the 

Monitoring, Reporting, and Verification (MRV) system for carbon emissions in the 

shipping industry to ensure the accuracy of carriers' emission reduction data. In addition, 

incentives for carriers to actively reduce carbon emissions should not rely solely on 

subsidies. They should be combined with carbon allowance trading to establish a 

dynamic and comprehensive reward mechanism. 

(5) The introduction of a carbon trading market may lead to increased emission 

reduction costs being shifted from carriers to shippers, thereby weakening the 

competitiveness of water transportation compared to alternative modes of 

transportation. In response, the government should strengthen cross-departmental 

policy coordination to ensure a fair competitive environment for different modes of 

transportation. Meanwhile, carriers should make real-time and accurate judgments on 

the overall transportation market and make reasonable adjustments to the costs 

transferred to shippers. 
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7. Limitations and research directions 

This study still has certain limitations. First, the factors that influence the decision-

making of the parties involved include many non-economic factors, such as corporate 

social responsibility and shippers' preferences for low-carbon transportation. This 

research assumes that the behavior of the government, carriers and shippers is to 

maximize economic benefits, and does not discuss these factors’ complexities in this 

context. This is a common limitation of game theory assumptions, assuming that 

participants strive to use their reasoning abilities to maximize their own interests, but 

do not fully consider many non-economic factors. How to transform these factors into 

parameters that can be introduced into the evolutionary game model will be one of the 

focuses of the next research. Second, the stable state of the entire game system is robust 

to minor disturbances, but a significant change in a particular parameter may affect the 

system's stable state. This may need to be investigated further. Finally, the range of 

parameter values is somewhat limited because it needs to be adjusted according to the 

conditions for the establishment of ESS. How to further improve the accuracy and 

credibility of parameter values in future research is an important direction for 

optimizing model simulation analysis. 

Appendix A Expected benefits 

The expected benefits of government𝑈𝐿1 , 𝑈𝐿2  and 𝑈̅1  can be represented as 

follows: 

𝑈𝐿1 = 𝑦𝑧(−𝐶1 + 𝑅 + 𝑇 − 𝑆) + (1 − 𝑦)𝑧(−𝐶1 + 𝐹 + 𝑇) + 𝑦(1 − 𝑧)(−𝐶1 + 𝑇 + 𝑅 −

            𝑆) + (1 − 𝑦)(1 −  𝑧)(−𝐶1 + 𝐹 + 𝑇)                                                       

𝑈𝐿2 = 𝑦𝑧(𝑅 − 𝑆) + (1 − 𝑦)𝑧𝜇𝐹 + 𝑦(1 − 𝑧)(𝑅 − 𝑆) + (1 − 𝑦)(1 − 𝑧)𝜇𝐹                        
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𝑈̅1 = 𝑥𝑈𝐿1 + (1 − 𝑥)𝑈𝐿2                                                          

The expected benefits of carriers 𝑈𝐼1, 𝑈𝐼2 and 𝑈̅2 can be represented as follows:               

𝑈𝐼1 = 𝑥𝑧[−(1 − 𝛼)𝐶2 + 𝐴 + 𝑝∆𝐸′ − 𝑇 + 𝑆] + (1 − 𝑥)𝑧[−(1 − 𝛼)𝐶2 + 𝐴 + 𝑆] +

𝑥(1 − 𝑧)(−𝐶2 + 𝐴′ + 𝑝∆𝐸′ − 𝑇 + 𝑆) + (1 − 𝑥)(1 − 𝑧)(−𝐶2 + 𝐴′ + 𝑆)                                 

𝑈𝐼2 = 𝑥𝑧[𝐴 − (1 − 𝛽)𝑝∆𝐸 − 𝐹 − 𝑇] + (1 − 𝑥)𝑧(𝐴 − 𝜇𝐹) + 𝑥(1 − 𝑧)(𝐴′ − 𝑝∆𝐸 −

           𝐹 − 𝑇) + (1 − 𝑥)(1 − 𝑧)(𝐴′ − 𝜇𝐹)                                                  

𝑈̅2 = 𝑦𝑈𝐼1 + (1 − 𝑦)𝑈𝐼2                                                      

The expected benefits of shippers 𝑈𝑆1, 𝑈𝑆2 and 𝑈̅3 can be represented as 

follows:   

𝑈𝑆1 = 𝑥𝑦(𝐵1 − 𝛼𝐶2) + (1 − 𝑥)𝑦(𝐵1 − 𝛼𝐶2) + 𝑥(1 − 𝑦)(𝐵1 − 𝛽𝑝∆𝐸) +

            (1 − 𝑥)(1 − 𝑦)𝐵1   

𝑈𝑆2 = 𝑥𝑦𝐵2 + (1 − 𝑥)𝑦𝐵2 + 𝑥(1 − 𝑦)𝐵2 + (1 − 𝑥)(1 − 𝑦)𝐵2                          

𝑈̅3 = 𝑧𝑈𝑆1 + (1 − 𝑧)𝑈𝑆2    

The replication dynamic equations can be expressed as follows:   

𝐹(𝑥) = 𝑥(𝑈𝐿1 − 𝑈̅1) = 𝑥[𝑈𝐿1 − 𝑥𝑈𝐿1 − (1 − 𝑥)𝑈𝐿2] = 𝑥(1 − 𝑥)(𝑈𝐿1 − 𝑈𝐿2) 

          = 𝑥(1 − 𝑥)(−𝐶1 + 𝐹 + 𝑇 − 𝜇𝐹 − 𝑦𝐹 + 𝑦𝜇𝐹)                                

𝐹(𝑦) = 𝑦(𝑈𝐼1 − 𝑈̅2) = 𝑦[𝑈𝐼1 − 𝑦𝑈𝐼1 − (1 − 𝑦)𝑈𝐼2] = 𝑦(1 − 𝑦)(𝑈𝐼1 − 𝑈𝐼2) 

          = 𝑦(1 − 𝑦)(−𝐶2 + 𝑆 + 𝜇𝐹 + 𝑥𝑝∆𝐸′ + 𝑥𝑝∆𝐸 + 𝑥𝐹 − 𝑥𝜇𝐹 + 𝑧𝛼𝐶2 −

              𝑥𝑧𝛽𝑝∆𝐸)             

𝐹(𝑧) = 𝑧(𝑈𝑆1 − 𝑈̅3) = 𝑧[𝑈𝑆1 − 𝑧𝑈𝑆1 − (1 − 𝑧)𝑈𝑆2] = 𝑧(1 − 𝑧)(𝑈𝑆1 − 𝑈𝑆2) 
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          = 𝑧(1 − 𝑧)(𝐵1 − 𝐵2 − 𝑥𝛽𝑝∆𝐸 − 𝑦𝛼𝐶2 + 𝑥𝑦𝛽𝑝∆𝐸)                                                         

Appendix B Jacobian matrix 

Jacobian matrix 𝐽 can be expressed as follows: 

𝐽 = (

𝐹𝑥′(𝑥) 𝐹𝑦′(𝑥) 𝐹𝑧′(𝑥)

𝐹𝑥′(𝑦) 𝐹𝑦′(𝑦) 𝐹𝑧′(𝑦)

𝐹𝑥′(𝑧) 𝐹𝑦′(𝑧) 𝐹𝑧′(𝑧)

) = (
𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

)  

𝐹𝑦′(𝑥) = 𝐹𝑧′(𝑥) = 𝐹𝑥′(𝑦) = 𝐹𝑧′(𝑦) = 𝐹𝑥′(𝑧) = 𝐹𝑦′(𝑧) = 0 

𝜆1 = (1 − 2𝑥)(−𝐶1 + 𝐹 + 𝑇 − 𝜇𝐹 − 𝑦𝐹 + 𝑦𝜇𝐹)                                      

𝜆2 = (1 − 2𝑦)(−𝐶2 + 𝑆 + 𝜇𝐹 + 𝑥𝑝∆𝐸′ + 𝑥𝑝∆𝐸 + 𝑥𝐹 − 𝑥𝜇𝐹 + 𝑧𝛼𝐶2 − 𝑥𝑧𝛽𝑝∆𝐸)              

𝜆3 = (1 − 2𝑧)(𝐵1 − 𝐵2 − 𝑥𝛽𝑝∆𝐸 − 𝑦𝛼𝐶2 + 𝑥𝑦𝛽𝑝∆𝐸)     
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