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11 Abstract. Strict limits on air emissions released by burning fuel of ships have recently been

12 imposed in Emission Control Areas. Retrofitting ships to use Liquefied Natural Gas (LNG) as
13 a ship fuel is one of methods for liner companies to comply with global regulations. Since the
14 LNG retrofitting investment is expensive, it is likely that liner companies need a more scientific
15 methodology to evaluate the LNG for propulsion of ships. Liner companies are particularly
16  interested in their profits determined by the pricing decision. Based on the evolutionary game
17 theory, this paper develops a mathematical model for the pricing problem with the
18  consideration of market competition, LNG investment, and price elasticity. We also consider
19  several realistic factors, such as the demand sensitivity for LNG effort, to make the proposed
20  methodology meet the realistic demands when more and more liner companies need a
21 revolutionary transformation because of the stricter regulations. Numerical experiments,
22 including a simulated-data case, are performed to validate the proposed methodology. Some
23 managerial insights are concluded according to the computational experiments and sensitivity
24 analysis.
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1 Introduction

Shipping industry plays a vital role in the international trade and the global economy.
Supported by the global economic recovery, about 11 billion tons of cargo were transported by
shipping (UNCTAD, 2019). Although shipping activities have significant contributions, they
have harmful effects on the global environment and human health because of tremendous air
emissions. Air emissions released by ships are directly relevant to the fuel burning (Cullinane
and Bergqvist, 2014). Particularly, marine fuel normally has a very high sulphur content, which
means that the shipping industry actually emits more sulphur related air emissions than other
means of transportation when consuming the same amount of fuel. Sofiev et al. (2018)
estimated that even low-sulphur marine fuels still account for about 6.4 million childhood
asthma cases and about 250 thousand deaths annually.

Currently, ships use diesel engines to burn heavy fuel oil (HFO'") releasing sulphur oxide
(SOx), carbonic oxide, and nitrogen oxide (NOx) emissions since HFO is less expensive. Hence,
the air pollution from marine transport becomes an emergent problem for the global
environment. In order to regulate ships that move between different jurisdictions, the Marine
Environment Protection Committee of the International Maritime Organization requires ships
operating all over the world to reduce the sulphur emissions to 0.5% from 2020 (IMO, 2016).
Compared to HFO, LNG has extremely low contents of SOy, NOyx and particle matter (Wang
and Notteboom, 2014). More specifically, compared to emissions of burning HFO, SOy and
PM emissions of using LNG are reduced by around 100%, NOx by up to 85—90%, and CO,
by about 15-20% (Brett, 2008; Pitt et al., 2010; Bengtsson, 2011).

The main component of LNG is methane, and natural gas will turn from gas to liquid when
it is cooled to about —162°C under atmospheric pressure (Aymelek et al., 2014). LNG is a
kind of high quality, efficient and clean low-carbon energy, which is favored by countries all
over the world due to its economic and environmental advantages. Throughout the history of
shipping, the LNG technology appeared relatively late, so the research on LNG maritime

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

! 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
of the unbalanced distribution of world natural gas energy and the increase in demand for
natural gas energy from the rest of the world, the LNG technology gets rapid development.

Hence, this study is motivated by this realistic problem during the development of green
shipping. The goal of green shipping is achieving the sustainable economy development by
balancing the trade-off between environmental protection and productivity activities (Cheng et
al., 2013). With stricter emission regulations, shipping companies may be willing to apply some
green technologies to deal with this intractable issue because the operating cost is relatively
low compared with fuel switching whose investment cost is very low (Zhen et al., 2020). For
instance, in 2015, China COSCO Shipping Group spent 27 million USD to burn marine gas oil
than it used HFO before (Zhen et al., 2019). But the investments in LNG retrofitting are usually
expensive. For example, for a ship of 3,000 tons, the retrofitting cost of using LNG is nearly
230 thousand USD (LNG, 2019). Therefore, using LNG for propulsion for liner shipping is a
strategic decision, which needs serious consideration as well as decision supports.

Since the above mentioned issue is vital, based on the evolutionary game theory, this study
proposes a pricing decision model with the consideration of market competition, LNG
investment, and price elasticity. We also consider several realistic factors, such as the demand
sensitivity for LNG switching effort, to make the proposed methodology meet the realistic
demands when more and more liner companies need a revolutionary transformation because
of the stricter regulations.

The remainder of the paper is organized as follows. Section 2 introduces an overview of
related studies. The proposed model formulation is introduced in Section 3. Section 4 shows
the numerical experiments with a simulated-data case and sensitivity analysis. Conclusions are

summarized in Section 5.

2 Literature review

This paper proposes a quantitative decision methodology to evaluate LNG for propulsion
for liner shipping using evolutionary game theory. The research methods in this paper are
mainly related to LNG technology, competition and pricing in liner shipping, and evolutionary

game theory. Hence, the following three paragraphs review three streams of related literature
3
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on these three fields.

The first stream of studies is concerned with the application of LNG technology. Most of the
research on LNG is based on the path problem from the perspective of supply chain. Grenhaug
and Marielle (2009) studied the planning of actual transport in the LNG offshore supply chain,
which involved the size and volume of the fleet using LNG. Andersson et al. (2010) developed
a mathematical model to solve a LNG sea transportation inventory routing problem. Recently,
fleet deployment, ship allocation and ship scheduling are considered in the study of LNG.
However, these problems are only mentioned and studied as constraints. Halvorsen-Weare and
Fagerholt (2013) studied the path planning of the offshore transport of LNG. Based on the
signed LNG long and short term transport contracts, Fodstad et al. (2010) considered the impact
of the price fluctuation caused by seasonal changes on the LNG transport market, and
developed some reasonable plans of routing lines, fleet deployment and inventory management,
so as to provide optimal decision-making strategies for LNG offshore transport. From the
perspective of LNG suppliers, Stalhane et al. (2012) aimed to maximize the profit of suppliers
by minimizing the total cost in long-term contracts. Uggen et al. (2013) firstly proposed an
LNG fleet deployment problem in the case of invariant time and variable time by using a time
decomposition combined with heuristic algorithm method. Bouman et al. (2017) provided a
review of greenhouse gas reduction measures, including LNG, shore power, alternative fuels

and so on, and their potential in shipping.

The second topic of related studies explores the competition and pricing problems in
maritime industry. Scholars in maritime industry have studied the competition and pricing
problems for a long time (Zheng et al., 2017). Numerous models were proposed for this issue
(Lee and Song, 2017). Zhou and Lee (2009) developed a mathematical model to investigate
the pricing strategy and study the outcome of competition in a shipping network. Yin and Kim
(2012) proposed a new methodology for a quantity discount pricing problem to optimize
container lines’ tariffs to maximize their profits. Wang et al. (2014) studied Nash game,
Stackelberg game and deterrence models to investigate the competition between two liner
companies in a new market. Chen et al. (2016) proposed two models to investigate the
competition and pricing problems in liner shipping consideration of empty container reposition.

4
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Zheng et al. (2017) found the Nash equilibrium solutions when studying pricing strategies for
two competitors with risk aversion. Choi et al. (2020) investigated a pricing problem for
competitive liner companies to investigate whether the risk seeking behaviors do more good

than harm.

The last stream of studies explores the evolutionary game theory. Game theory is a useful
mathematical tool for scholars to show the interactions as well as investigate behaviors between
players (Lin et al., 2021). Many analyses on maritime policy implications were conducted
according to the game theory (Zhou and Yuen, 2021). Smith (1976) proposed an evolutionary
game method whose players were boundedly rational and can learn from their rivals in order
to fit the market environment. Weibull (1997) introduced the current evolutionary game theory,
especially the deterministic models of games in the normal form. Friedman (1998) showed the
considerable potential of the evolutionary game theory for solving substantive economic issues.
Wang et al. (2015) proposed a static and an evolutionary game models studying mutual effects
between vehicle manufacturers and the government. Mahmoudi and Rasti-Barzoki (2018) used
a bi-population of supply chains and retailers to study how government policy influences
manufacturers’ strategies. Johari et al. (2019) proposed a one-population evolutionary game to
investigate different strategies of manufacturers.

In summary, many studies on the green shipping problem disregarded the application of the
LNG technology. Although some related literatures did consider this, they did not incorporate
pricing decision, market competition, and LNG investment. Moreover, some other limits, such
as the price elasticity, have also been frequently ignored. But these neglected factors are

important to seaborne activities.

3 Model formulation

We consider two operational strategies for liner companies to conduct their shipping
business. The first operational strategy is using LNG as a ship fuel, which can help to reduce
global air emissions. Another operational strategy is non-LNG strategy which allow ships to
use HFO. These two operational strategies have different advantages and drawbacks. For
example, when the market population is sensitive toward the environment, liner companies

choosing LNG technology may be more popular and gain more market share than their rivals
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choosing non-LNG technology because using HFO releases tremendous air emissions,
although it is cost-effective. However, applying LNG technology is not economically feasible
because of the high installation cost for retrofitting ships (Aymelek et al., 2014).

This study formulates a pricing model considering the LNG technology, price elasticity, and
the market competition. More specifically, we assume that there are two liner companies
(players) in the competition. Three scenarios are considered in this study to investigate different
strategies. The first scenario is that both liner companies choose the LNG strategy, denoted by
(L, L). The second scenario is that one of liner companies adopts the LNG strategy and the
other adopts the non-LNG strategy, denoted by (L, N). The last scenario is that both liner
companies choose the non-LNG strategy, denoted by (N, N). Many researchers used the
evolutionary game theory to analyze maritime problems, especially emission control measures.
Jiang et al. (2018) developed an evolutionary game model to study the evolutionary stability
of the unilateral strategy and the mixed strategy of the government and the shipping company.
Jiang et al. (2020) proposed an evolutionary game model to analyze the differences in the
benefits of the government and shipping companies in the implementation of China’s ECA
supervision. Moreover, some studies investigated the strategical behavior within one
population under the competition market. Johari et al. (2019) proposed a one-population
evolutionary game to investigate different strategies of manufacturers. Lin et al. (2021)
developed a one-population evolutionary game model to evaluate green strategies in liner
shipping. Hence, we propose a one-population evolutionary game model to consider the pricing
problem under different scenarios.

Based on the above analysis, this study develops a mathematical model. Some assumptions
are summarized as follows:

(I) Liner companies (players) take part in a one-shot game where both companies make
decisions without coordination simultaneously.

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

(IIT) The investment in retrofitting ships for using LNG is approximated by a quadratic
function of the effort of LNG retrofitting by the liner company, which shows the diminishing
returns for LNG efforts (Jamali and Rasti-Barzoki, 2018; Lin et al., 2021).

The notation used in this paper is summarized as follows.
6



173 Indices and sets
174 1 set of strategies, index i (j), i = 1,2. Strategies 1 and 2 correspond to LNG and
175 non-LNG strategies, respectively.

176 Parameters

177 M market size.

178k demand self-price elasticity.

179 1 demand cross-price elasticity.

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

181 n demand sensitivity for LNG switching effort of the liner company’s rival.
182 r investment cost for LNG retrofitting.

183 f freight cost for liner companies.

184  Variables
185 @y price charged by the liner company that chooses strategy i ifits rival chooses strategy
186 j.

187 wy; effort of LNG retrofitting by the liner company that chooses strategy i if its rival

188 chooses strategy j.
189  my; demand of the liner company that chooses strategy i if its rival chooses strategy j.
190 By; payoff of the liner company that chooses strategy i if its rival chooses strategy j.

191 Mathematical model

192 T =M —ke;; + lpj; + mw;; — nwj; Vieg,jel (1)
193 Bij = ((pl-j—f)(M—kgol-j+l(pﬁ+ma)ij—nwﬁ)—rwi2j Viel,jel (2)
194 T =M — k@j; + lg;j + mwj; — nw;; Viel,jel 3)
195 Bii = (@ji — YM — kpj; + lo;; + mwy; — nw;j) — rwf; Viel,jel (4)
196 Formula (1) calculate the demand value of the first liner company if it chooses strategy i

197 when the other liner company chooses strategy j. Formula (2) define the payoft function of
198 liner company 1 when liner company 1 chooses strategy i if liner company 2 chooses strategy
199  j.Formula (3) and (4) introduce the demand and payoff functions for the second liner company.
200  Recall that three scenarios are considered in this paper. The first scenario corresponds to both

201 liner companies choosing LNG strategy (i.e., w;; and wj; are positive). Under this condition,
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the payoff function of liner companies 1 and 2 are both convex in ¢;;, ¢j;, w;; and w;;. The
second scenario corresponds to one liner company choosing the LNG strategy and the other
choosing non-LNG strategy (i.e., w;; is positive, and wj; is zero), which leads to that the
payoff functions of liner companies 1 and 2 are convex in @;;, @;; and w;;. The last scenario
is both liner companies choosing non-LNG strategy (i.e., w;; and wj; are zero), which leads
to that payoff functions of both liner companies are convex in ¢;; and @j;.

Next, we introduce the temporal dynamic model of the liner companies’ behavior based on
the evolutionary game theory. First, three important definitions are concluded in the following.
players two liner companies playing a competitive game in a shipping market.
strategies two green strategies considered in the game (LNG and non-LNG strategies).
payoffs  profit gained by a player in each game.

The evolutionarily stable strategy is the basic conception of evolutionary game theory. We
use a one-population game to decide evolutionary behaviors of liner companies and evaluate
LNG or non-LNG strategies would be chosen. Recall that players will finally adopt their own
strategy which offers a better-than-average payoft (Lin et al., 2021). Based on the related work
of Barron (2013), a time-dependent formulae is proposed to obtain the time dependence in the
proposed game model. Two strategies are considered in the game, which are the LNG strategy
(denoted by S;) and the non-LNG strategy (denoted by Sy ). We also define percentage values
of the population choosing LNG strategy and non-LNG strategy to be p; and py, respectively.
Hence, the set of strategies is defined as y = {ps,, bs, }- The payoff of liner company 1 using
S; and its competitor choosing strategy S; is defined as f;;. The set including the percentage
values of the population choosing different strategies is defined as y. Hence, the expected
payoff (denoted by P) of liner company 1 choosing strategies S; and Sy can be calculated

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

[gu g” ] Besides, the expected payoff value of the population can be calculated by formulae
ij ij
(7.

P(SLy) = (ps, X BuL) + (Psy X Bin) (5)

P(Sn,v) = (ps, X Bur) + (psy X Buw) (6)
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P(y,y) = ps, X P(S,¥) + psy X P(Sy, ¥). 7

Recall that the evolutionary property of the evolutionary game theory, this study assumes
that the percentage values of all strategies (y) change over time, which means the strategy
whose expected payoff is larger than the mean value is adopted by the majority. Hence, we
use a replicator dynamic formulae (8) (Bomze, 1983) to model the above mentioned learning

behavior.

dps; ()

"L = ps, () X [P(SL,v(®©) = P(y(©),v(D)]- ®)
Recall that ps, and ps, denote the percentage values of the population choosing LNG

and non-LNG strategies, respectively, which means pg, (t) + ps,(t) =1, 0 < psL(t) <1
and 0 < pg, (t) < 1. It is noted that when the value of dp;—Lt(t) equals zero, a stationary
solution will be obtained in the above mentioned replicator dynamic formula, and the
solution y* = {ps,,ps,} denotes a stationary solution in the end.

This study considers a one-population model, and the evolutionarily stable strategy and
payoff matrix must be symmetrical for two individuals in one population model (Xiao and
Yu, 2006). Besides, in game theory, Nash equilibrium (Nash, 1950) means that strategies of
each player are the best response in this game, which means the evolutionarily stable strategy

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

dps; (1)
dt

dps, (t)/(ps, (t) X ps, (£) X ((Brr — Bni) X 0s, (t) — (Bun — Bun) X psy (t))) = dt.  (9)

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

obtained when = 0, which is equivalent to

1 : 1 1
((,BLL — Bni) X s, (£) — (Byn — BLn) X Ds,, (t))ﬁLL_ﬁNL PNN=PLn /(Ipsy (B)[Pre=bne x
1
psL(t)BNN—BLN) = Xet (10)
where X is a positive constant. It is obvious when t — <o, the right side of formulae (10)

(Xet) goes to infinity.
Hence, there are three cases about the stationary solutions for formulae (8):
(I) Firstly, the game has only one evolutionarily stable strategy if (B, — Byi) X

(Byn — Bun) < 0. Hence when B, — By, > 0 and Byy — By < 0, ps, must go to one

9
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to make the left side approach infinity (i.e., evolutionarily stable strategy y* = {1,1}) while
when B, — By, <0 and Byy — By > 0, ps, must go to zero (i.e., evolutionarily stable
strategy y* = {0,0}).

(I1)y When B, — By > 0 and Byy — By > 0, the left side goes to infinite when pg, —

0 or 1. And there are three Nash equilibria: y* = {1,1}, y* = {0,0} are evolutionarily

BnN—BLN BLL—BnL }

, is not
BLL—BLN—BNL+BNN BLL—BLN—BNL+BNN

stable strategies, but the mixed Nash {

evolutionarily stable strategy.
(IIT) When B, — By, < 0 and Byy — By < 0, the left side - 0 when pg, = 0 or 1,

which leads to two pure Nash equilibria, y* = {1,1} and y* = {0,0}, are not evolutionarily

*

stable strategy. ps, will converge to the mixed Nash equilibria y*=

{ BNN—BLN BLL—BnL

BLL—BLn—Bni+BNn’ BLL—Bin—BNL+BNN

1, and this Nash equilibria y* is evolutionarily stable

strategy.

Recall that three scenarios are considered in this paper. The payoff function (i.e., f) is
influenced by the strategies chosen by two players. Table 1 shows the payoff matrix of two
selected liner companies.

Table 1: Payoff matrix of two selected liner companies

Liner company 2

LNG Non-LNG
Liner company 1 LNG Bi, BiL B Bui
Non-LNG )BNLHBLN ﬁNN;ﬁNL

In terms of the scenario 1, both selected liner companies choose the LNG strategy, which
means the results for two players are the same. The payoft of the liner company 1 under the
scenario 1 can be calculated by formulae (11). Because of the symmetric property, the payoff
of the liner company 2 under the scenario 1 can also be calculated by formulae (11).

B = (P — M — ko + Loy, + mwy, —nwy,) — rof;. (11)

According to formulae (11) we can find the condition for concavity of £;; in ¢;; and

wy;. Formulae (12) shows the Hessian matrix of the payoff value in the first scenario.
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6 9’8
_ | 992 dpow| [2l—2k m—n
H(Byo) = g | Ilm-n —2r ]

dwdp  dw?

(12)

Under the below conditions (13) and (14), the Hessian matrix is positive. Hence, the optimal
values of the variables are calculated by formula (15)—(18).

2l—-2k>0 (13)

L=2k) x (=2r)—(m—n)?> =4kr —4lr —m?* —n?+2mn >0 (14)

2Mr+2kfr+fm(n-m)

PLL = e 2 tmin-m) (15)
0L = et (16)
= (1)
B, = r(4rk—-m?)(M+f(l-k))? (18)

[4kr—2lr+m(n-m)]? ~
In terms of scenario 2, the two selected liner companies choose different strategies. We
assume that liner company 1 chooses the LNG strategy and liner company 2 chooses the non-
LNG strategy. Hence, the payoff functions of liner companies 1 and 2 are denoted as S,y and
B, respectively, and can be calculated by formula (19) and (20), respectively.
Bin = (v — )M — kppy + Loy, + mwyy) — rofy (19)
Bne = (Pn = )M = koy, + Loy — nwyy) — Twly. (20)
Similar to above, we find that under the second scenario, the payoff function of the first liner
company is concave in @,y and wgy, and the payoff function of the other is concave in @y .
Thus, optimal values of variables of both liner companies can be calculated by formula

(21)—(23), and (24)—(25), respectively.

__ 2rk(@Cm+2kf+If)+2Mr+mf (In—2mk)

PN = 2k(4rk—m?2)+1(mn—2rl) N
N
R o
o, = ZE e 2
Buy = K[M+f (1=K [4rk+2lr—m(m+n)]? i,

[2k(4rk—m2)+1(mn—211)]?
Under scenario 3, both liner companies adopt non-LNG strategy, which means the best

11
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results for both players are the same. We use Sy to denote the payoff function of the liner
company 1 and the values of Sy can be calculated by formulae (26).
Bun = (@nn — FIM = koyy + loyn). (26)
It is obvious that the second-order derivative of [y Wwith respect to ayy is —2k <0,
which means that under the third scenario, the payoff function of the first liner company (Byy)

is concave in @py. Besides, optimal values of variables are calculated by formula (27)—(29).

_ M+fk

PNy = 5 (27)
K[M+f (k)]

TNN =T (28)
_ k[M+f(1-k)]?

Pun =G5z (29)

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

liner company 1.

4 Computational experiments

In order to analyze the market demands, pricing decisions, LNG switching effort, and payoff
values for liner companies under three scenarios, we perform several computational
experiments. More specifically, the optimal solutions under three scenarios are obtained by
solving the pricing model. Then the evolutionary game theory model is solved to find LNG or

non-LNG strategies will be chosen by the majority.

4.1 Experimental setting

The setting of all parameter values is firstly summarized. The shipping market size is set to
100. The values of own-price and cross-price elasticities of demand are set to 1.0 and 0.2,
respectively. The values of demand sensitivity for LNG switching efforts of one liner company
and its rival are set to 1.1 and 0.6, respectively. The investment cost for LNG switching is set
to 0.35. And the freight cost for a liner company is set to 20. The above experimental setting is
based on the data from related works (Astrom et al., 2018; Raj et al., 2018; Johari et al., 2019;

and Lin et al., 2021)

4.2 Base analysis

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

values of variables under different scenarios.
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Optimal values of decision variables (i.e., w;j, @;j, 7;; and B;;) under three different
scenarios are recorded in Table 2. It is noted that when one liner company and its competitor
choose different strategies (scenario 2), both of them can charge the highest prices. Besides,
according to the results under scenario 2, the liner company choosing the green strategy can
obtain the maximum payoff while its competitor needs to reduce its price to stay competitive,
which leads to a lower payoft. Under scenario 3 (both liner companies choosing the non-green
strategy), both of liner companies charge the least prices, but not obtain the least payoffs

because they do not need to spend extra money to retrofit ships. Based on the evolutionary
game model, we also obtain the evolutionarily stable strategy y = {psL, pSN} =

(0.7619,0.2381), which indicates that choosing the LNG strategy is more beneficial and will
be chosen by the majority of liner companies (76.19%).

Table 2: Optimal values of variables under different scenarios

Variables Scenario 1~ Scenario 2 Scenario 3
(LL) (LN) (NN)
LNG switching effort of liner company 1 (w;;) 130.14 420.00 -
Price of liner company 1 (&;;) 102.82 402.98 66.67
Demand of liner company 1 (77;) 82.82 267.27 46.67
payoff of liner company 1 (ﬁij) 930.82 9694.71 2177.78
LNG switching effort of liner company 2 (wj;) 130.14 - -
Price of liner company 2 (&;;) 102.82 73545 66.67
Demand of liner company 2 (7tj;) 82.82 4.58 46.67
payoff of liner company 2 (ﬂji) 930.82 3280.17 2177.78

4.3 Sensitivity analysis and managerial insights

Some model parameters may affect the decisions of the liner companies. In the remainder of
this section, we examine the influence of the investment cost for LNG switching.

We study the influence of the investment cost (i.e., ) for LNG switching on the payoffs as
shown in Fig. 1. When both liner companies choose the non-LNG strategy, both of companies

do not need to pay the LNG investment cost, and the changes in LNG investment cost have no

13



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

effect on payoffs of both liner companies. But when one liner company chooses the LNG
strategy and its competitor chooses the non-LNG strategy, the payoft of the liner company
choosing the LNG strategy is always higher than that of the liner company choosing the non-
LNG strategy, which means that increasing LNG investment costs make liner companies

choosing non-green strategy more competitive.
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Figure 1: Influence of the investment cost (i.e., r) for LNG switching on the payoffs

5 Conclusions

This study develops an evolutionary game theory model to evaluate the LNG as a ship fuel
for liner shipping. Each of two liner companies randomly selected from one population chooses
either LNG strategy or non-LNG strategy in this game. Payoff functions are determined by the
pricing decision and the LNG switching effort by two competitors. Hence, this study analyzes
the optimal payoff values under different scenarios in order to obtain some management
implications. This study may have two contributions by comparing with the related works.

(I) This study introduces the evaluation of LNG for propulsion for liner shipping using
evolutionary game theory. We provide the quantitative methodologies to solve a pricing
problem for maritime industry with the consideration of price elasticity, LNG investment, and

market competition. Besides, we also consider some realistic operating limits, such as the
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demand sensitivity for LNG switching effort, which have been usually neglected in existing
studies although these factors are important to the realistic green shipping.

(I1) Based on the extensive computational study, including a simulated-data case and
sensitivity analysis, we draw out some important managerial suggestions on green shipping.
For instance, the majority of liner companies chooses the LNG strategy and the benefit of the
LNG strategy is vilified. Besides increasing LNG investment costs make the liner company
choosing non-green strategy more competitive.

However, this study also has limitations. Presently, we consider only one-population game.
The possibility of two-population game can be analyzed in future studies. Besides, government
subsidies can be considered in future studies because the investment in retrofitting ships using

LNG is expensive.

Acknowledgements

This study is supported by the Research Grants Council of the Hong Kong Special
Administrative Region, China (Project number 15202719) and the National Natural Science
Foundation of China (Grant numbers 72071173, 71831008).

References

Andersson, H., Marielle C. and Kjetil F. (2010). Transportation planning and inventory
management in the LNG supply chain. Energy, Natural Resources and Environmental
Economics. 427—439.

Apaloo, J., Brown, J. S., McNickle, G. G., Vincent, T. L. and Vincent, T. L. (2015). ESS versus
Nash: solving evolutionary games. Evolutionary Ecology Research. 16(4): 293—314.

Astrom, S., Yaramenka, K., Winnes, H., Fridell, E. and Holland, M. (2018). The costs and
benefits of a nitrogen emission control area in the Baltic and North Seas. Transportation

Research Part D: Transport and Environment. 59: 223—236.

15



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Aymelek, M., Boulougouris, E. K., Turan, O. and Konovessis, D. (2014). Challenges and
opportunities for LNG as a ship fuel source and an application to bunkering network
optimisation. Proc. Maritime Technology and Engineering Conf. 15—17.

Barron, E.N. (2013). Game Theory: an Introduction. vol. 2. John Wiley & Sons.

Bengtsson, S. (2011). Life cycle assessment of present and future marine fuels. Chalmers
Institute of Technology, Gothenburg, Sweden.

Bomze, .M. (1983). Lotka-Volterra equation and replicator dynamics: a two-dimensional
classification. Biological Cybernetics. 48 (3): 201—211.

Bouman, E. A., Lindstad, E., Rialland, A. I. and Stremman, A. H. (2017). State-of-the-art
technologies, measures, and potential for reducing GHG emissions from shipping—A review.
Transportation Research Part D: Transport and Environment. 52: 408—421.

Brett, B. C. (2008). Potential market for LNG-fuelled marine vessels in the United States.
Massachusetts Institute of Technology, Cambridge.

Chen, R., Dong, J. X. and Lee, C. Y. (2016). Pricing and competition in a shipping market with
waste shipments and empty container repositioning. Transportation Research Part B:
Methodological. 85: 32—55.

Cheng, T. C. E., Lai, K., Lun, V. Y. H. and Wong, C. W. Y. (2013). Green shipping management.
Transportation Research Part E: Logistics and Transportation Review. 55: 1-2.

Choi, T. M., Chung, S. H. and Zhuo, X. (2020). Pricing with risk sensitive competing container
shipping lines: Will risk seeking do more good than harm? Transportation Research Part B:
Methodological. 133: 210—229.

Cullinane, K. and Bergqvist, R. (2014). Emission control areas and their impact on maritime
transport. Transportation Research Part D: Transport and Environment. 28: 1-5.

Friedman, D. (1998). On economic applications of evolutionary game theory. Journal of
Evolutionary Economics. 8(1): 15—43.

Fodstad M., Uggen K. and Romo F. (2010). A rich model for coordinating vessel routing,
inventories and trade in the liquefied natural gas supply chain. The Journal of Energy
Markets. 3(4): 31—64.

Grenhaug, R. and Marielle C. (2009). Supply chain optimization for the liquefied natural gas

business. Innovations in Distribution Logistics. 195—218.
16



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Halvorsen-Weare E. E. and Fagerholt K. (2013). Routing and scheduling in a liquefied natural
gas shipping problem with inventory and berth constraints. Annals of Operations Research.
203(1): 167—186.

IMO (2016). International maritime of organization website (Accessed on 07 December 2020).
URL http://www.imo.org/en/OurWork/Environment/
PollutionPrevention/AirPollution/Pages/Air-Pollution.aspx

Jamali, M. B. and Rasti-Barzoki, M. (2018). A game theoretic approach for green and non-
green product pricing in chain-to-chain competitive sustainable and regular dual-channel
supply chains. Journal of Cleaner Production. 170: 1029—1043.

Jiang, B., Xue, H. and Li, J. (2018). Study on regulation strategies of China’s ship emission
control area (ECA) based on evolutionary game. Logistic Sci-Tech. 7: 70—74.

Jiang, B., Wang, X., Xue, H., Li, J. and Gong, Y. (2020). An evolutionary game model analysis
on emission control areas in China. Marine Policy. 118: 104010.

Johari, M., Hosseini-Motlagh, S.-M. and Rasti-Barzoki, M. (2019). An evolutionary game
theoretic model for analyzing pricing strategy and socially concerned behavior of
manufacturers. Transportation Research Part E: Logistics and Transportation Review. 128:
506—525.

Lee, C. Y. & Song, D. P. (2017). Ocean container transport in global supply chains: Overview
and research opportunities. Transportation Research Part B: Methodological. 95: 442—474.

Lin, D. Y., Juan, C. J. and Ng, M. W. (2021). Evaluation of green strategies in liner shipping
using evolutionary game theory. Journal of Cleaner Production. 279: No. 123268.

LNG (2019). How to break the bottleneck of safety and cost of LNG gasification? (Accessed
on 07 December 2020). URL https://www.china5e.com/news/news-1060268-1.html

Mahmoudi, R. and Rasti-Barzoki, M. (2018). Sustainable supply chains under government
intervention with a real-world case study: an evolutionary game theoretic approach.
Computers & Industrial Engineering. 116: 130—143.

Nash, J. F. (1950). Equilibrium points in n-person games. Proc. National Academy of Sciences

Conf. 36(1): 48—49.

17



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

Xiao, T.J. and Yu, G., (2006). Supply chain disruption management and evolutionarily stable
strategies of retailers in the quantity-setting duopoly situation with homogeneous goods.
European Journal of Operational Research. 173(2): 648—668.

Pitt, M. E., Eide, M. S., Brathagen, S. and Dimopoulos, G. (2010). Natural gas versus diesel
power for ships—a technical review, also considering economic aspects. DNV, Norway.

Raj, A., Biswas, I. and Srivastava, S.K. (2018). Designing supply contracts for the sustainable
supply chain using game theory. Journal of Cleaner Production. 185: 275—284.

Smith, M. (1976). The theory of games: In situations characterized by conflict of interest, the
best strategy to adopt depends on what others are doing. American Scientist. 64: 41—45.
Sofiev, M., Winebrake, J. J., Johansson, L., Carr, E. W., Prank, M., Soares, J., Vira, J.,
Kouznetsov, R., Jalkanen, J. P. and Corbett, J. J. (2018). Cleaner fuels for ships provide

public health benefits with climate tradeofts. Nature communications. 9(1): 1—12.

Stalhane, M., Rakke, J. G., Moe, C. R., Andersson, H., Christiansen, M. and Fagerholt, K.
(2012). A construction and improvement heuristic for a liquefied natural gas inventory
routing problem. Computers & Industrial Engineering. 62(1): 245—255.

Uggen, K. T., Fodstad, M. and Nerstebg, V. S. (2013). Using and extending fix-and-relax to
solve maritime inventory routing problems. 7op. 21(2): 355—-377.

UNCTAD (2019). Review of Maritime Transportation 2019. (Accessed on 14 December 2020).
URL https://unctad.org/system/files/official-document/rmt2019 en.pdf

Wang, S., Fan, J., Zhao, D. and Wu, Y. (2015). The impact of government subsidies or penalties
for new-energy vehicles a static and evolutionary game model analysis. Journal of Transport
Economics and Policy. 49(1): 98—114.

Wang, H., Meng, Q. and Zhang, X. (2014). Game-theoretical models for competition analysis
in a new emerging liner container shipping market. Transportation Research Part B:
Methodological. 70: 201—-227.

Wang, S. and Notteboom, T. (2014). The adoption of liquefied natural gas as a ship fuel: A
systematic review of perspectives and challenges. Transport Reviews. 34(6): 749—774.

Weibull, J. W. (1997). Evolutionary Game Theory. MIT press.

Yin, M. and Kim, K. H. (2012). Quantity discount pricing for container transportation services

by shipping lines. Computers & Industrial Engineering. 63(1): 313—322.
18



483

484

485

486

487

488

489

490

491

492

493

494

495

496

Zhen, L., Wu, Y., Wang, S. and Laporte, G. (2020). Green technology adoption for fleet
deployment in a shipping network. Transportation Research Part B: Methodological. 139,
388—410.

Zhen, L., Zhuge, D., Murong, L., Yan, R. and Wang, S. (2019). Operation management of green
ports and shipping networks: overview and research opportunities. Frontiers of Engineering
Management. 6(2): 152—162.

Zheng, W., Li, B. and Song, D. P. (2017). Effects of risk-aversion on competing shipping lines’
pricing strategies with uncertain demands. Transportation Research Part B: Methodological.
104: 337-356.

Zhou, W. H. and Lee, C. Y. (2009). Pricing and competition in a transportation market with
empty equipment repositioning. Transportation Research Part B: Methodological. 43(6):
677—691.

Zhou, Q. and Yuen, K. F. (2021). Low-sulfur fuel consumption: Marine policy implications

based on game theory. Marine Policy. 124: 104304.

19



	Keywords: LNG; Pricing decision; Evolutionary game theory; Green shipping.
	1 Introduction



