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1 Introduction 29 

Shipping industry plays a vital role in the international trade and the global economy. 30 

Supported by the global economic recovery, about 11 billion tons of cargo were transported by 31 

shipping (UNCTAD, 2019). Although shipping activities have significant contributions, they 32 

have harmful effects on the global environment and human health because of tremendous air 33 

emissions. Air emissions released by ships are directly relevant to the fuel burning (Cullinane 34 

and Bergqvist, 2014). Particularly, marine fuel normally has a very high sulphur content, which 35 

means that the shipping industry actually emits more sulphur related air emissions than other 36 

means of transportation when consuming the same amount of fuel. Sofiev et al. (2018) 37 

estimated that even low-sulphur marine fuels still account for about 6.4 million childhood 38 

asthma cases and about 250 thousand deaths annually.  39 

Currently, ships use diesel engines to burn heavy fuel oil (HFO1) releasing sulphur oxide 40 

(SOX), carbonic oxide, and nitrogen oxide (NOX) emissions since HFO is less expensive. Hence, 41 

the air pollution from marine transport becomes an emergent problem for the global 42 

environment. In order to regulate ships that move between different jurisdictions, the Marine 43 

Environment Protection Committee of the International Maritime Organization requires ships 44 

operating all over the world to reduce the sulphur emissions to 0.5% from 2020 (IMO, 2016). 45 

Compared to HFO, LNG has extremely low contents of SOX, NOX and particle matter (Wang 46 

and Notteboom, 2014). More specifically, compared to emissions of burning HFO, SOX and 47 

PM emissions of using LNG are reduced by around 100%, NOX by up to 85−90%, and CO2 48 

by about 15–20% (Brett, 2008; Pitt et al., 2010; Bengtsson, 2011). 49 

The main component of LNG is methane, and natural gas will turn from gas to liquid when 50 

it is cooled to about −162℃ under atmospheric pressure (Aymelek et al., 2014). LNG is a 51 

kind of high quality, efficient and clean low-carbon energy, which is favored by countries all 52 

over the world due to its economic and environmental advantages. Throughout the history of 53 

shipping, the LNG technology appeared relatively late, so the research on LNG maritime 54 

transportation also appeared relatively late. In the mid and late 20th century, the first LNG ship 55 

                             
1 HFO is high sulphur fuel oil with a sulphur content of greater than 0.5%. 
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has been put into maritime shipping makes the LNG seaborne trade begin. Since then, because 56 

of the unbalanced distribution of world natural gas energy and the increase in demand for 57 

natural gas energy from the rest of the world, the LNG technology gets rapid development.  58 

Hence, this study is motivated by this realistic problem during the development of green 59 

shipping. The goal of green shipping is achieving the sustainable economy development by 60 

balancing the trade-off between environmental protection and productivity activities (Cheng et 61 

al., 2013). With stricter emission regulations, shipping companies may be willing to apply some 62 

green technologies to deal with this intractable issue because the operating cost is relatively 63 

low compared with fuel switching whose investment cost is very low (Zhen et al., 2020). For 64 

instance, in 2015, China COSCO Shipping Group spent 27 million USD to burn marine gas oil 65 

than it used HFO before (Zhen et al., 2019). But the investments in LNG retrofitting are usually 66 

expensive. For example, for a ship of 3,000 tons, the retrofitting cost of using LNG is nearly 67 

230 thousand USD (LNG, 2019). Therefore, using LNG for propulsion for liner shipping is a 68 

strategic decision, which needs serious consideration as well as decision supports. 69 

Since the above mentioned issue is vital, based on the evolutionary game theory, this study 70 

proposes a pricing decision model with the consideration of market competition, LNG 71 

investment, and price elasticity. We also consider several realistic factors, such as the demand 72 

sensitivity for LNG switching effort, to make the proposed methodology meet the realistic 73 

demands when more and more liner companies need a revolutionary transformation because 74 

of the stricter regulations.  75 

The remainder of the paper is organized as follows. Section 2 introduces an overview of 76 

related studies. The proposed model formulation is introduced in Section 3. Section 4 shows 77 

the numerical experiments with a simulated-data case and sensitivity analysis. Conclusions are 78 

summarized in Section 5. 79 

2 Literature review 80 

This paper proposes a quantitative decision methodology to evaluate LNG for propulsion 81 

for liner shipping using evolutionary game theory. The research methods in this paper are 82 

mainly related to LNG technology, competition and pricing in liner shipping, and evolutionary 83 

game theory. Hence, the following three paragraphs review three streams of related literature 84 
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on these three fields.  85 

The first stream of studies is concerned with the application of LNG technology. Most of the 86 

research on LNG is based on the path problem from the perspective of supply chain. Grønhaug 87 

and Marielle (2009) studied the planning of actual transport in the LNG offshore supply chain, 88 

which involved the size and volume of the fleet using LNG. Andersson et al. (2010) developed 89 

a mathematical model to solve a LNG sea transportation inventory routing problem. Recently, 90 

fleet deployment, ship allocation and ship scheduling are considered in the study of LNG. 91 

However, these problems are only mentioned and studied as constraints. Halvorsen-Weare and 92 

Fagerholt (2013) studied the path planning of the offshore transport of LNG. Based on the 93 

signed LNG long and short term transport contracts, Fodstad et al. (2010) considered the impact 94 

of the price fluctuation caused by seasonal changes on the LNG transport market, and 95 

developed some reasonable plans of routing lines, fleet deployment and inventory management, 96 

so as to provide optimal decision-making strategies for LNG offshore transport. From the 97 

perspective of LNG suppliers, Stålhane et al. (2012) aimed to maximize the profit of suppliers 98 

by minimizing the total cost in long-term contracts. Uggen et al. (2013) firstly proposed an 99 

LNG fleet deployment problem in the case of invariant time and variable time by using a time 100 

decomposition combined with heuristic algorithm method. Bouman et al. (2017) provided a 101 

review of greenhouse gas reduction measures, including LNG, shore power, alternative fuels 102 

and so on, and their potential in shipping. 103 

The second topic of related studies explores the competition and pricing problems in 104 

maritime industry. Scholars in maritime industry have studied the competition and pricing 105 

problems for a long time (Zheng et al., 2017). Numerous models were proposed for this issue 106 

(Lee and Song, 2017). Zhou and Lee (2009) developed a mathematical model to investigate 107 

the pricing strategy and study the outcome of competition in a shipping network. Yin and Kim 108 

(2012) proposed a new methodology for a quantity discount pricing problem to optimize 109 

container lines’ tariffs to maximize their profits. Wang et al. (2014) studied Nash game, 110 

Stackelberg game and deterrence models to investigate the competition between two liner 111 

companies in a new market. Chen et al. (2016) proposed two models to investigate the 112 

competition and pricing problems in liner shipping consideration of empty container reposition. 113 
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Zheng et al. (2017) found the Nash equilibrium solutions when studying pricing strategies for 114 

two competitors with risk aversion. Choi et al. (2020) investigated a pricing problem for 115 

competitive liner companies to investigate whether the risk seeking behaviors do more good 116 

than harm. 117 

The last stream of studies explores the evolutionary game theory. Game theory is a useful 118 

mathematical tool for scholars to show the interactions as well as investigate behaviors between 119 

players (Lin et al., 2021). Many analyses on maritime policy implications were conducted 120 

according to the game theory (Zhou and Yuen, 2021). Smith (1976) proposed an evolutionary 121 

game method whose players were boundedly rational and can learn from their rivals in order 122 

to fit the market environment. Weibull (1997) introduced the current evolutionary game theory, 123 

especially the deterministic models of games in the normal form. Friedman (1998) showed the 124 

considerable potential of the evolutionary game theory for solving substantive economic issues. 125 

Wang et al. (2015) proposed a static and an evolutionary game models studying mutual effects 126 

between vehicle manufacturers and the government. Mahmoudi and Rasti-Barzoki (2018) used 127 

a bi-population of supply chains and retailers to study how government policy influences 128 

manufacturers’ strategies. Johari et al. (2019) proposed a one-population evolutionary game to 129 

investigate different strategies of manufacturers.  130 

In summary, many studies on the green shipping problem disregarded the application of the 131 

LNG technology. Although some related literatures did consider this, they did not incorporate 132 

pricing decision, market competition, and LNG investment. Moreover, some other limits, such 133 

as the price elasticity, have also been frequently ignored. But these neglected factors are 134 

important to seaborne activities.  135 

3 Model formulation 136 

We consider two operational strategies for liner companies to conduct their shipping 137 

business. The first operational strategy is using LNG as a ship fuel, which can help to reduce 138 

global air emissions. Another operational strategy is non-LNG strategy which allow ships to 139 

use HFO. These two operational strategies have different advantages and drawbacks. For 140 

example, when the market population is sensitive toward the environment, liner companies 141 

choosing LNG technology may be more popular and gain more market share than their rivals 142 
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choosing non-LNG technology because using HFO releases tremendous air emissions, 143 

although it is cost-effective. However, applying LNG technology is not economically feasible 144 

because of the high installation cost for retrofitting ships (Aymelek et al., 2014).  145 

This study formulates a pricing model considering the LNG technology, price elasticity, and 146 

the market competition. More specifically, we assume that there are two liner companies 147 

(players) in the competition. Three scenarios are considered in this study to investigate different 148 

strategies. The first scenario is that both liner companies choose the LNG strategy, denoted by 149 

(L, L). The second scenario is that one of liner companies adopts the LNG strategy and the 150 

other adopts the non-LNG strategy, denoted by (L, N). The last scenario is that both liner 151 

companies choose the non-LNG strategy, denoted by (N, N). Many researchers used the 152 

evolutionary game theory to analyze maritime problems, especially emission control measures. 153 

Jiang et al. (2018) developed an evolutionary game model to study the evolutionary stability 154 

of the unilateral strategy and the mixed strategy of the government and the shipping company. 155 

Jiang et al. (2020) proposed an evolutionary game model to analyze the differences in the 156 

benefits of the government and shipping companies in the implementation of China’s ECA 157 

supervision. Moreover, some studies investigated the strategical behavior within one 158 

population under the competition market. Johari et al. (2019) proposed a one-population 159 

evolutionary game to investigate different strategies of manufacturers. Lin et al. (2021) 160 

developed a one-population evolutionary game model to evaluate green strategies in liner 161 

shipping. Hence, we propose a one-population evolutionary game model to consider the pricing 162 

problem under different scenarios. 163 

Based on the above analysis, this study develops a mathematical model. Some assumptions 164 

are summarized as follows: 165 

(Ⅰ) Liner companies (players) take part in a one-shot game where both companies make 166 

decisions without coordination simultaneously. 167 

(Ⅱ) Each player should choose one strategy between LNG and non-LNG strategies. 168 

(Ⅲ) The investment in retrofitting ships for using LNG is approximated by a quadratic 169 

function of the effort of LNG retrofitting by the liner company, which shows the diminishing 170 

returns for LNG efforts (Jamali and Rasti-Barzoki, 2018; Lin et al., 2021).  171 

The notation used in this paper is summarized as follows. 172 
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Indices and sets 173 

𝐼𝐼 set of strategies, index 𝑖𝑖 (𝑗𝑗), 𝑖𝑖 = 1,2. Strategies 1 and 2 correspond to LNG and 174 

non-LNG strategies, respectively. 175 

Parameters 176 

𝑀𝑀  market size. 177 

𝑘𝑘  demand self-price elasticity. 178 

𝑙𝑙  demand cross-price elasticity. 179 

𝑚𝑚  demand sensitivity for LNG switching effort of one liner company. 180 

𝑛𝑛  demand sensitivity for LNG switching effort of the liner company’s rival. 181 

𝑟𝑟  investment cost for LNG retrofitting. 182 

𝑓𝑓  freight cost for liner companies. 183 

Variables 184 

𝜑𝜑𝑖𝑖𝑖𝑖  price charged by the liner company that chooses strategy 𝑖𝑖 if its rival chooses strategy 185 

𝑗𝑗. 186 

𝜔𝜔𝑖𝑖𝑖𝑖  effort of LNG retrofitting by the liner company that chooses strategy 𝑖𝑖 if its rival 187 

chooses strategy 𝑗𝑗. 188 

𝜋𝜋𝑖𝑖𝑖𝑖  demand of the liner company that chooses strategy 𝑖𝑖 if its rival chooses strategy 𝑗𝑗. 189 

𝛽𝛽𝑖𝑖𝑖𝑖  payoff of the liner company that chooses strategy 𝑖𝑖 if its rival chooses strategy 𝑗𝑗. 190 

Mathematical model  191 

𝜋𝜋𝑖𝑖𝑖𝑖 = 𝑀𝑀− 𝑘𝑘𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑙𝑙𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑚𝑚𝜔𝜔𝑖𝑖𝑖𝑖 − 𝑛𝑛𝜔𝜔𝑖𝑖𝑖𝑖         ∀𝑖𝑖 ∈, 𝑗𝑗 ∈ 𝐼𝐼        (1) 192 

𝛽𝛽𝑖𝑖𝑖𝑖 = (𝜑𝜑𝑖𝑖𝑖𝑖 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑙𝑙𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑚𝑚𝜔𝜔𝑖𝑖𝑖𝑖 − 𝑛𝑛𝜔𝜔𝑖𝑖𝑖𝑖) − 𝑟𝑟𝜔𝜔𝑖𝑖𝑖𝑖
2        ∀𝑖𝑖 ∈ 𝐼𝐼, 𝑗𝑗 ∈ 𝐼𝐼    (2) 193 

𝜋𝜋𝑖𝑖𝑖𝑖 = 𝑀𝑀 − 𝑘𝑘𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑙𝑙𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑚𝑚𝜔𝜔𝑖𝑖𝑖𝑖 − 𝑛𝑛𝜔𝜔𝑖𝑖𝑖𝑖         ∀𝑖𝑖 ∈ 𝐼𝐼, 𝑗𝑗 ∈ 𝐼𝐼        (3) 194 

𝛽𝛽𝑖𝑖𝑖𝑖 = (𝜑𝜑𝑖𝑖𝑖𝑖 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑙𝑙𝜑𝜑𝑖𝑖𝑖𝑖 + 𝑚𝑚𝜔𝜔𝑖𝑖𝑖𝑖 − 𝑛𝑛𝜔𝜔𝑖𝑖𝑖𝑖) − 𝑟𝑟𝜔𝜔𝑖𝑖𝑖𝑖2        ∀𝑖𝑖 ∈ 𝐼𝐼, 𝑗𝑗 ∈ 𝐼𝐼.    (4) 195 

Formula (1) calculate the demand value of the first liner company if it chooses strategy 𝑖𝑖 196 

when the other liner company chooses strategy 𝑗𝑗. Formula (2) define the payoff function of 197 

liner company 1 when liner company 1 chooses strategy 𝑖𝑖 if liner company 2 chooses strategy 198 

𝑗𝑗. Formula (3) and (4) introduce the demand and payoff functions for the second liner company. 199 

Recall that three scenarios are considered in this paper. The first scenario corresponds to both 200 

liner companies choosing LNG strategy (i.e., 𝜔𝜔𝑖𝑖𝑖𝑖 and 𝜔𝜔𝑖𝑖𝑖𝑖 are positive). Under this condition, 201 
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the payoff function of liner companies 1 and 2 are both convex in 𝜑𝜑𝑖𝑖𝑖𝑖, 𝜑𝜑𝑖𝑖𝑖𝑖, 𝜔𝜔𝑖𝑖𝑖𝑖 and 𝜔𝜔𝑖𝑖𝑖𝑖. The 202 

second scenario corresponds to one liner company choosing the LNG strategy and the other 203 

choosing non-LNG strategy (i.e., 𝜔𝜔𝑖𝑖𝑖𝑖 is positive, and 𝜔𝜔𝑖𝑖𝑖𝑖 is zero), which leads to that the 204 

payoff functions of liner companies 1 and 2 are convex in 𝜑𝜑𝑖𝑖𝑖𝑖, 𝜑𝜑𝑖𝑖𝑖𝑖 and 𝜔𝜔𝑖𝑖𝑖𝑖. The last scenario 205 

is both liner companies choosing non-LNG strategy (i.e., 𝜔𝜔𝑖𝑖𝑖𝑖 and 𝜔𝜔𝑖𝑖𝑖𝑖 are zero), which leads 206 

to that payoff functions of both liner companies are convex in 𝜑𝜑𝑖𝑖𝑖𝑖 and 𝜑𝜑𝑖𝑖𝑖𝑖. 207 

Next, we introduce the temporal dynamic model of the liner companies’ behavior based on 208 

the evolutionary game theory. First, three important definitions are concluded in the following. 209 

𝑝𝑝𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝  two liner companies playing a competitive game in a shipping market. 210 

𝑝𝑝𝑠𝑠𝑟𝑟𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑖𝑖𝑝𝑝𝑝𝑝  two green strategies considered in the game (LNG and non-LNG strategies). 211 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝  profit gained by a player in each game. 212 

The evolutionarily stable strategy is the basic conception of evolutionary game theory. We 213 

use a one-population game to decide evolutionary behaviors of liner companies and evaluate 214 

LNG or non-LNG strategies would be chosen. Recall that players will finally adopt their own 215 

strategy which offers a better-than-average payoff (Lin et al., 2021). Based on the related work 216 

of Barron (2013), a time-dependent formulae is proposed to obtain the time dependence in the 217 

proposed game model. Two strategies are considered in the game, which are the LNG strategy 218 

(denoted by 𝑆𝑆𝐿𝐿) and the non-LNG strategy (denoted by 𝑆𝑆𝑁𝑁). We also define percentage values 219 

of the population choosing LNG strategy and non-LNG strategy to be 𝑝𝑝𝐿𝐿 and 𝑝𝑝𝑁𝑁, respectively. 220 

Hence, the set of strategies is defined as 𝛾𝛾 = {𝑝𝑝𝑆𝑆𝐿𝐿 ,𝑝𝑝𝑆𝑆𝑁𝑁}. The payoff of liner company 1 using 221 

𝑆𝑆𝑖𝑖 and its competitor choosing strategy 𝑆𝑆𝑖𝑖 is defined as 𝛽𝛽𝑖𝑖𝑖𝑖. The set including the percentage 222 

values of the population choosing different strategies is defined as 𝛾𝛾. Hence, the expected 223 

payoff (denoted by 𝑃𝑃) of liner company 1 choosing strategies 𝑆𝑆𝐿𝐿 and 𝑆𝑆𝑁𝑁 can be calculated 224 

by formula (5) and (6), respectively. And the payoff matrix of the first liner company is 225 

�
𝛽𝛽𝑖𝑖𝑖𝑖 𝛽𝛽𝑖𝑖𝑖𝑖
𝛽𝛽𝑖𝑖𝑖𝑖 𝛽𝛽𝑖𝑖𝑖𝑖

�. Besides, the expected payoff value of the population can be calculated by formulae 226 

(7). 227 

𝑃𝑃(𝑆𝑆𝐿𝐿 ,𝛾𝛾) = �𝑝𝑝𝑆𝑆𝐿𝐿 × 𝛽𝛽𝐿𝐿𝐿𝐿� + (𝑝𝑝𝑆𝑆𝑁𝑁 × 𝛽𝛽𝐿𝐿𝑁𝑁)                           (5) 228 

𝑃𝑃(𝑆𝑆𝑁𝑁, 𝛾𝛾) = �𝑝𝑝𝑆𝑆𝐿𝐿 × 𝛽𝛽𝑁𝑁𝐿𝐿� + (𝑝𝑝𝑆𝑆𝑁𝑁 × 𝛽𝛽𝐿𝐿𝑁𝑁)                           (6) 229 
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𝑃𝑃(𝛾𝛾, 𝛾𝛾) = 𝑝𝑝𝑆𝑆𝐿𝐿 × 𝑃𝑃(𝑆𝑆𝐿𝐿, 𝛾𝛾) + 𝑝𝑝𝑆𝑆𝑁𝑁 × 𝑃𝑃(𝑆𝑆𝑁𝑁, 𝛾𝛾).                         (7) 230 

Recall that the evolutionary property of the evolutionary game theory, this study assumes 231 

that the percentage values of all strategies (𝛾𝛾) change over time, which means the strategy 232 

whose expected payoff is larger than the mean value is adopted by the majority. Hence, we 233 

use a replicator dynamic formulae (8) (Bomze, 1983) to model the above mentioned learning 234 

behavior. 235 

𝑑𝑑𝑝𝑝𝑆𝑆𝐿𝐿(𝑡𝑡)

𝑑𝑑𝑡𝑡
= 𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) × [𝑃𝑃�𝑆𝑆𝐿𝐿 , 𝛾𝛾(𝑠𝑠)� − 𝑃𝑃�𝛾𝛾(𝑠𝑠), 𝛾𝛾(𝑠𝑠)�].                      (8) 236 

Recall that 𝑝𝑝𝑆𝑆𝐿𝐿 and 𝑝𝑝𝑆𝑆𝑁𝑁 denote the percentage values of the population choosing LNG 237 

and non-LNG strategies, respectively, which means 𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) + 𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠) = 1, 0 ≤ 𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) ≤ 1 238 

and 0 ≤ 𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠) ≤ 1 . It is noted that when the value of 
𝑑𝑑𝑝𝑝𝑆𝑆𝐿𝐿(𝑡𝑡)

𝑑𝑑𝑡𝑡
  equals zero, a stationary 239 

solution will be obtained in the above mentioned replicator dynamic formula, and the 240 

solution 𝛾𝛾∗ = {𝑝𝑝𝑆𝑆𝐿𝐿
∗ ,𝑝𝑝𝑆𝑆𝑁𝑁

∗ } denotes a stationary solution in the end.  241 

This study considers a one-population model, and the evolutionarily stable strategy and 242 

payoff matrix must be symmetrical for two individuals in one population model (Xiao and 243 

Yu, 2006). Besides, in game theory, Nash equilibrium (Nash, 1950) means that strategies of 244 

each player are the best response in this game, which means the evolutionarily stable strategy 245 

is a Nash solution (Apaloo et al., 2014). More specifically, the stationary solutions are 246 

obtained when 
𝑑𝑑𝑝𝑝𝑆𝑆𝐿𝐿(𝑡𝑡)

𝑑𝑑𝑡𝑡
= 0, which is equivalent to 247 

𝑑𝑑𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠)/(𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) × 𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠) × ((𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿) × 𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) − (𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁) × 𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠))) = 𝑑𝑑𝑠𝑠.  (9) 248 

  According to Lin et al. (2021), the implicitly defined solution to formulae (9) is 249 

�(𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿) × 𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠) − (𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁) × 𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠)�
1

𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝑁𝑁𝐿𝐿
+ 1
𝛽𝛽𝑁𝑁𝑁𝑁−𝛽𝛽𝐿𝐿𝑁𝑁 /(|𝑝𝑝𝑆𝑆𝑁𝑁(𝑠𝑠)|

1
𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝑁𝑁𝐿𝐿 ×250 

𝑝𝑝𝑆𝑆𝐿𝐿(𝑠𝑠)
1

𝛽𝛽𝑁𝑁𝑁𝑁−𝛽𝛽𝐿𝐿𝑁𝑁) = 𝑋𝑋𝑝𝑝𝑡𝑡                                                     (10) 251 

where 𝑋𝑋 is a positive constant. It is obvious when 𝑠𝑠 → ∞, the right side of formulae (10) 252 

(𝑋𝑋𝑝𝑝𝑡𝑡) goes to infinity. 253 

  Hence, there are three cases about the stationary solutions for formulae (8): 254 

  (Ⅰ) Firstly, the game has only one evolutionarily stable strategy if (𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿) ×255 

(𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁) < 0. Hence when 𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿 > 0 and 𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁 < 0, 𝑝𝑝𝑆𝑆𝐿𝐿 must go to one 256 
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to make the left side approach infinity (i.e., evolutionarily stable strategy 𝛾𝛾∗ = {1,1}) while 257 

when 𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿 < 0 and 𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁 > 0, 𝑝𝑝𝑆𝑆𝐿𝐿 must go to zero (i.e., evolutionarily stable 258 

strategy 𝛾𝛾∗ = {0,0}). 259 

  (Ⅱ) When 𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿 > 0 and 𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁 > 0, the left side goes to infinite when 𝑝𝑝𝑆𝑆𝐿𝐿 →260 

0  or 1 . And there are three Nash equilibria: 𝛾𝛾∗ = {1,1} , 𝛾𝛾∗ = {0,0}  are evolutionarily 261 

stable strategies, but the mixed Nash { 𝛽𝛽𝑁𝑁𝑁𝑁−𝛽𝛽𝐿𝐿𝑁𝑁
𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝐿𝐿𝑁𝑁−𝛽𝛽𝑁𝑁𝐿𝐿+𝛽𝛽𝑁𝑁𝑁𝑁

, 𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝑁𝑁𝐿𝐿
𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝐿𝐿𝑁𝑁−𝛽𝛽𝑁𝑁𝐿𝐿+𝛽𝛽𝑁𝑁𝑁𝑁

}  is not 262 

evolutionarily stable strategy. 263 

  (Ⅲ) When 𝛽𝛽𝐿𝐿𝐿𝐿 − 𝛽𝛽𝑁𝑁𝐿𝐿 < 0 and 𝛽𝛽𝑁𝑁𝑁𝑁 − 𝛽𝛽𝐿𝐿𝑁𝑁 < 0, the left side → 0 when 𝑝𝑝𝑆𝑆𝐿𝐿 → 0 or 1, 264 

which leads to two pure Nash equilibria, 𝛾𝛾∗ = {1,1} and 𝛾𝛾∗ = {0,0}, are not evolutionarily 265 

stable strategy. 𝑝𝑝𝑆𝑆𝐿𝐿  will converge to the mixed Nash equilibria 𝛾𝛾∗ =266 

{ 𝛽𝛽𝑁𝑁𝑁𝑁−𝛽𝛽𝐿𝐿𝑁𝑁
𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝐿𝐿𝑁𝑁−𝛽𝛽𝑁𝑁𝐿𝐿+𝛽𝛽𝑁𝑁𝑁𝑁

, 𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝑁𝑁𝐿𝐿
𝛽𝛽𝐿𝐿𝐿𝐿−𝛽𝛽𝐿𝐿𝑁𝑁−𝛽𝛽𝑁𝑁𝐿𝐿+𝛽𝛽𝑁𝑁𝑁𝑁

}, and this Nash equilibria 𝛾𝛾∗ is evolutionarily stable 267 

strategy. 268 

  Recall that three scenarios are considered in this paper. The payoff function (i.e., 𝛽𝛽) is 269 

influenced by the strategies chosen by two players. Table 1 shows the payoff matrix of two 270 

selected liner companies. 271 

Table 1: Payoff matrix of two selected liner companies 272 

 Liner company 2 

Liner company 1 

 LNG Non-LNG 

LNG 𝛽𝛽𝐿𝐿𝐿𝐿 ,𝛽𝛽𝐿𝐿𝐿𝐿 𝛽𝛽𝐿𝐿𝑁𝑁 ,𝛽𝛽𝑁𝑁𝐿𝐿 

Non-LNG 𝛽𝛽𝑁𝑁𝐿𝐿,𝛽𝛽𝐿𝐿𝑁𝑁 𝛽𝛽𝑁𝑁𝑁𝑁,𝛽𝛽𝑁𝑁𝐿𝐿 

In terms of the scenario 1, both selected liner companies choose the LNG strategy, which 273 

means the results for two players are the same. The payoff of the liner company 1 under the 274 

scenario 1 can be calculated by formulae (11). Because of the symmetric property, the payoff 275 

of the liner company 2 under the scenario 1 can also be calculated by formulae (11). 276 

𝛽𝛽𝐿𝐿𝐿𝐿 = (𝜑𝜑𝐿𝐿𝐿𝐿 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝐿𝐿𝐿𝐿 + 𝑙𝑙𝜑𝜑𝐿𝐿𝐿𝐿 + 𝑚𝑚𝜔𝜔𝐿𝐿𝐿𝐿 − 𝑛𝑛𝜔𝜔𝐿𝐿𝐿𝐿)− 𝑟𝑟𝜔𝜔𝐿𝐿𝐿𝐿
2 .                 (11) 277 

  According to formulae (11) we can find the condition for concavity of 𝛽𝛽𝐿𝐿𝐿𝐿 in 𝜑𝜑𝐿𝐿𝐿𝐿 and 278 

𝜔𝜔𝐿𝐿𝐿𝐿. Formulae (12) shows the Hessian matrix of the payoff value in the first scenario. 279 
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𝐻𝐻�𝛽𝛽𝜑𝜑𝜑𝜑� = �

𝜕𝜕2𝛽𝛽
𝜕𝜕𝜑𝜑2

𝜕𝜕2𝛽𝛽
𝜕𝜕𝜑𝜑𝜕𝜕𝜑𝜑

𝜕𝜕2𝛽𝛽
𝜕𝜕𝜑𝜑𝜕𝜕𝜑𝜑

𝜕𝜕2𝛽𝛽
𝜕𝜕𝜑𝜑2

� = �2𝑙𝑙 − 2𝑘𝑘 𝑚𝑚 − 𝑛𝑛
𝑚𝑚 − 𝑛𝑛 −2𝑟𝑟 �.                           (12) 280 

Under the below conditions (13) and (14), the Hessian matrix is positive. Hence, the optimal 281 

values of the variables are calculated by formula (15)−(18). 282 

2𝑙𝑙 − 2𝑘𝑘 > 0                                                            (13) 283 

(2𝑙𝑙 − 2𝑘𝑘) × (−2𝑟𝑟) − (𝑚𝑚− 𝑛𝑛)2 = 4𝑘𝑘𝑟𝑟 − 4𝑙𝑙𝑟𝑟 − 𝑚𝑚2 − 𝑛𝑛2 + 2𝑚𝑚𝑛𝑛 > 0              (14) 284 

𝜑𝜑𝐿𝐿𝐿𝐿 = 2𝑀𝑀𝑀𝑀+2𝑘𝑘𝑘𝑘𝑀𝑀+𝑘𝑘𝑓𝑓(𝑛𝑛−𝑓𝑓)
4𝑘𝑘𝑀𝑀−2𝑙𝑙𝑀𝑀+𝑓𝑓(𝑛𝑛−𝑓𝑓)                                              (15) 285 

𝜔𝜔𝐿𝐿𝐿𝐿 = 𝑓𝑓(𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘))
4𝑘𝑘𝑀𝑀−2𝑙𝑙𝑀𝑀+𝑓𝑓(𝑛𝑛−𝑓𝑓)                                                 (16) 286 

𝜋𝜋𝐿𝐿𝐿𝐿 = 2𝑘𝑘𝑀𝑀[𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘)]
4𝑘𝑘𝑀𝑀−2𝑙𝑙𝑀𝑀+𝑓𝑓(𝑛𝑛−𝑓𝑓)                                                 (17) 287 

𝛽𝛽𝐿𝐿𝐿𝐿 = 𝑀𝑀(4𝑀𝑀𝑘𝑘−𝑓𝑓2)(𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘))2

[4𝑘𝑘𝑀𝑀−2𝑙𝑙𝑀𝑀+𝑓𝑓(𝑛𝑛−𝑓𝑓)]2
.                                             (18) 288 

In terms of scenario 2, the two selected liner companies choose different strategies. We 289 

assume that liner company 1 chooses the LNG strategy and liner company 2 chooses the non-290 

LNG strategy. Hence, the payoff functions of liner companies 1 and 2 are denoted as 𝛽𝛽𝐿𝐿𝑁𝑁 and 291 

𝛽𝛽𝑁𝑁𝐿𝐿, respectively, and can be calculated by formula (19) and (20), respectively. 292 

𝛽𝛽𝐿𝐿𝑁𝑁 = (𝜑𝜑𝐿𝐿𝑁𝑁 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝐿𝐿𝑁𝑁 + 𝑙𝑙𝜑𝜑𝑁𝑁𝐿𝐿 + 𝑚𝑚𝜔𝜔𝐿𝐿𝑁𝑁) − 𝑟𝑟𝜔𝜔𝐿𝐿𝑁𝑁
2                      (19) 293 

𝛽𝛽𝑁𝑁𝐿𝐿 = (𝜑𝜑𝑁𝑁𝐿𝐿 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝑁𝑁𝐿𝐿 + 𝑙𝑙𝜑𝜑𝐿𝐿𝑁𝑁 − 𝑛𝑛𝜔𝜔𝐿𝐿𝑁𝑁) − 𝑟𝑟𝜔𝜔𝐿𝐿𝑁𝑁
2 .                       (20) 294 

  Similar to above, we find that under the second scenario, the payoff function of the first liner 295 

company is concave in 𝜑𝜑𝐺𝐺𝑁𝑁 and 𝜔𝜔𝐺𝐺𝑁𝑁, and the payoff function of the other is concave in 𝜑𝜑𝑁𝑁𝐺𝐺. 296 

Thus, optimal values of variables of both liner companies can be calculated by formula 297 

(21)−(23), and (24)−(25), respectively. 298 

𝜑𝜑𝐿𝐿𝑁𝑁 = 2𝑀𝑀𝑘𝑘(2𝑓𝑓+2𝑘𝑘𝑘𝑘+𝑙𝑙𝑘𝑘)+2𝑀𝑀𝑀𝑀+𝑓𝑓𝑘𝑘(𝑙𝑙𝑛𝑛−2𝑓𝑓𝑘𝑘)
2𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)+𝑙𝑙(𝑓𝑓𝑛𝑛−2𝑀𝑀𝑙𝑙)

                                   (21) 299 

𝜔𝜔𝐿𝐿𝑁𝑁 = 𝑓𝑓(2𝑘𝑘+𝑙𝑙)(𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘))
2𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)+𝑙𝑙(𝑓𝑓𝑛𝑛−2𝑀𝑀𝑙𝑙)

                                             (22) 300 

𝛽𝛽𝐿𝐿𝑁𝑁 = 2𝑀𝑀𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)(2𝑘𝑘+𝑙𝑙)2(𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘))2

[2𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)+𝑙𝑙(𝑓𝑓𝑛𝑛−2𝑀𝑀𝑙𝑙)]22𝑘𝑘
                                      (23) 301 

𝜑𝜑𝑁𝑁𝐿𝐿 = 2𝑀𝑀(2𝑘𝑘+𝑙𝑙)(𝑀𝑀+𝑘𝑘𝑘𝑘)+𝑀𝑀𝑓𝑓(𝑓𝑓+𝑛𝑛)−𝑓𝑓𝑘𝑘(𝑓𝑓(𝑘𝑘+𝑙𝑙)−𝑘𝑘𝑛𝑛)
2𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)+𝑙𝑙(𝑓𝑓𝑛𝑛−2𝑀𝑀𝑙𝑙)

                               (24) 302 

𝛽𝛽𝑁𝑁𝐿𝐿 = 𝑘𝑘[𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘)]2[4𝑀𝑀𝑘𝑘+2𝑙𝑙𝑀𝑀−𝑓𝑓(𝑓𝑓+𝑛𝑛)]2

[2𝑘𝑘(4𝑀𝑀𝑘𝑘−𝑓𝑓2)+𝑙𝑙(𝑓𝑓𝑛𝑛−2𝑀𝑀𝑙𝑙)]2
.                                      (25) 303 

Under scenario 3, both liner companies adopt non-LNG strategy, which means the best 304 
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results for both players are the same. We use 𝛽𝛽𝑁𝑁𝑁𝑁 to denote the payoff function of the liner 305 

company 1 and the values of 𝛽𝛽𝑁𝑁𝑁𝑁 can be calculated by formulae (26). 306 

𝛽𝛽𝑁𝑁𝑁𝑁 = (𝜑𝜑𝑁𝑁𝑁𝑁 − 𝑓𝑓)(𝑀𝑀− 𝑘𝑘𝜑𝜑𝑁𝑁𝑁𝑁 + 𝑙𝑙𝜑𝜑𝑁𝑁𝑁𝑁).                                   (26) 307 

  It is obvious that the second-order derivative of 𝛽𝛽𝑁𝑁𝑁𝑁  with respect to 𝛼𝛼𝑁𝑁𝑁𝑁  is −2𝑘𝑘 < 0 , 308 

which means that under the third scenario, the payoff function of the first liner company (𝛽𝛽𝑁𝑁𝑁𝑁) 309 

is concave in 𝜑𝜑𝑁𝑁𝑁𝑁. Besides, optimal values of variables are calculated by formula (27)−(29). 310 

𝜑𝜑𝑁𝑁𝑁𝑁 = 𝑀𝑀+𝑘𝑘𝑘𝑘
2𝑘𝑘−𝑙𝑙

                                                        (27) 311 

𝜋𝜋𝑁𝑁𝑁𝑁 = 𝑘𝑘[𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘)]
2𝑘𝑘−𝑙𝑙

                                                    (28) 312 

𝛽𝛽𝑁𝑁𝑁𝑁 = 𝑘𝑘[𝑀𝑀+𝑘𝑘(𝑙𝑙−𝑘𝑘)]2

(2𝑘𝑘−𝑙𝑙)2
.                                                    (29) 313 

  Optimal values of the variables of the second liner company are the same with those of the 314 

liner company 1. 315 

4 Computational experiments 316 

In order to analyze the market demands, pricing decisions, LNG switching effort, and payoff 317 

values for liner companies under three scenarios, we perform several computational 318 

experiments. More specifically, the optimal solutions under three scenarios are obtained by 319 

solving the pricing model. Then the evolutionary game theory model is solved to find LNG or 320 

non-LNG strategies will be chosen by the majority. 321 

4.1 Experimental setting 322 

The setting of all parameter values is firstly summarized. The shipping market size is set to 323 

100. The values of own-price and cross-price elasticities of demand are set to 1.0 and 0.2, 324 

respectively. The values of demand sensitivity for LNG switching efforts of one liner company 325 

and its rival are set to 1.1 and 0.6, respectively. The investment cost for LNG switching is set 326 

to 0.35. And the freight cost for a liner company is set to 20. The above experimental setting is 327 

based on the data from related works (Astrom et al., 2018; Raj et al., 2018; Johari et al., 2019; 328 

and Lin et al., 2021) 329 

4.2 Base analysis 330 

For the base analysis, we present the results for three scenarios and compare the optimal 331 

values of variables under different scenarios.  332 
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Optimal values of decision variables (i.e., 𝜔𝜔𝑖𝑖𝑖𝑖 , 𝛼𝛼𝑖𝑖𝑖𝑖 , 𝜋𝜋𝑖𝑖𝑖𝑖  and 𝛽𝛽𝑖𝑖𝑖𝑖 ) under three different 333 

scenarios are recorded in Table 2. It is noted that when one liner company and its competitor 334 

choose different strategies (scenario 2), both of them can charge the highest prices. Besides, 335 

according to the results under scenario 2, the liner company choosing the green strategy can 336 

obtain the maximum payoff while its competitor needs to reduce its price to stay competitive, 337 

which leads to a lower payoff. Under scenario 3 (both liner companies choosing the non-green 338 

strategy), both of liner companies charge the least prices, but not obtain the least payoffs 339 

because they do not need to spend extra money to retrofit ships. Based on the evolutionary 340 

game model, we also obtain the evolutionarily stable strategy 𝛾𝛾 = �𝑝𝑝𝑆𝑆𝐿𝐿 ,𝑝𝑝𝑆𝑆𝑁𝑁� =341 

(0.7619,0.2381), which indicates that choosing the LNG strategy is more beneficial and will 342 

be chosen by the majority of liner companies (76.19%). 343 

Table 2: Optimal values of variables under different scenarios 344 

Variables Scenario 1 

(LL) 

Scenario 2 

(LN) 

Scenario 3 

(NN) 

LNG switching effort of liner company 1 (𝜔𝜔𝑖𝑖𝑖𝑖) 130.14 420.00 - 

Price of liner company 1 (𝛼𝛼𝑖𝑖𝑖𝑖) 102.82 402.98 66.67 

Demand of liner company 1 (𝜋𝜋𝑖𝑖𝑖𝑖) 82.82 267.27 46.67 

payoff of liner company 1 (𝛽𝛽𝑖𝑖𝑖𝑖) 930.82 9694.71 2177.78 

LNG switching effort of liner company 2 (𝜔𝜔𝑖𝑖𝑖𝑖) 130.14 - - 

Price of liner company 2 (𝛼𝛼𝑖𝑖𝑖𝑖) 102.82 735.45 66.67 

Demand of liner company 2 (𝜋𝜋𝑖𝑖𝑖𝑖) 82.82 4.58 46.67 

payoff of liner company 2 (𝛽𝛽𝑖𝑖𝑖𝑖) 930.82 3280.17 2177.78 

4.3 Sensitivity analysis and managerial insights 345 

Some model parameters may affect the decisions of the liner companies. In the remainder of 346 

this section, we examine the influence of the investment cost for LNG switching.   347 

We study the influence of the investment cost (i.e., 𝑟𝑟) for LNG switching on the payoffs as 348 

shown in Fig. 1. When both liner companies choose the non-LNG strategy, both of companies 349 

do not need to pay the LNG investment cost, and the changes in LNG investment cost have no 350 
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effect on payoffs of both liner companies. But when one liner company chooses the LNG 351 

strategy and its competitor chooses the non-LNG strategy, the payoff of the liner company 352 

choosing the LNG strategy is always higher than that of the liner company choosing the non-353 

LNG strategy, which means that increasing LNG investment costs make liner companies 354 

choosing non-green strategy more competitive. 355 

 356 

Figure 1: Influence of the investment cost (i.e., r) for LNG switching on the payoffs 357 

5 Conclusions 358 

This study develops an evolutionary game theory model to evaluate the LNG as a ship fuel 359 

for liner shipping. Each of two liner companies randomly selected from one population chooses 360 

either LNG strategy or non-LNG strategy in this game. Payoff functions are determined by the 361 

pricing decision and the LNG switching effort by two competitors. Hence, this study analyzes 362 

the optimal payoff values under different scenarios in order to obtain some management 363 

implications. This study may have two contributions by comparing with the related works. 364 

(Ⅰ) This study introduces the evaluation of LNG for propulsion for liner shipping using 365 

evolutionary game theory. We provide the quantitative methodologies to solve a pricing 366 

problem for maritime industry with the consideration of price elasticity, LNG investment, and 367 

market competition. Besides, we also consider some realistic operating limits, such as the 368 
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demand sensitivity for LNG switching effort, which have been usually neglected in existing 369 

studies although these factors are important to the realistic green shipping.  370 

  (Ⅱ) Based on the extensive computational study, including a simulated-data case and 371 

sensitivity analysis, we draw out some important managerial suggestions on green shipping. 372 

For instance, the majority of liner companies chooses the LNG strategy and the benefit of the 373 

LNG strategy is vilified. Besides increasing LNG investment costs make the liner company 374 

choosing non-green strategy more competitive. 375 

However, this study also has limitations. Presently, we consider only one-population game. 376 

The possibility of two-population game can be analyzed in future studies. Besides, government 377 

subsidies can be considered in future studies because the investment in retrofitting ships using 378 

LNG is expensive. 379 
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