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Abstract

Carbon emission reduction decisions are subject to risks for shipping carriers. These
include policy uncertainty (an upcoming policy may be stringent or lenient) and cost
uncertainty (the operation cost may increase or decrease in the future). This paper
develops a two-period game model to study the carbon emission reduction strategy
choices of two risk-averse shipping carriers facing both policy uncertainty and cost
uncertainty, with the goal of advancing sustainable maritime transport. They can choose
a high- or low-carbon emission reduction strategy in period 1. Whether they need to
upgrade in period 2 depends on the strategy they choose in period 1 and the policy
implemented in period 2. The results show that in a deterministic environment, a high-
cost strategy translates directly into a high-price strategy. However, in period 2, when the
policy is lenient, adopting a high-carbon emission reduction strategy does not always
result in a higher price than adopting a low-carbon emission reduction strategy. This
result is counterintuitive. In addition, the carrier adopting a high-carbon emission
reduction strategy does not necessarily set a higher price than the competitor who adopts
a low-carbon emission reduction strategy. The market share plays an important role in
shaping the equilibrium. When the possibility of a stringent policy is extremely low or
extremely high, both carriers will choose an identical strategy. However, when the
possibility is medium, they will choose differentiated strategies. The carrier with a bigger
market share can tolerate a higher possibility of an upcoming stringent policy than the
competitor. The degree of cost volatility also has a significant impact on the equilibrium.
Its influence is particularly pronounced under a moderate probability of a stringent
policy. Shippers’ carbon emission sensitivity also has a positive effect on encouraging
carriers to choose a greener strategy. Our findings provide actionable insights for
policymakers and industry stakeholders to facilitate the sustainability transition of the
shipping sector through appropriate policy design.

Keywords: sustainable maritime transport; green strategy; policy uncertainty; cost
uncertainty; risk aversion

1. Introduction

Maritime transport undertakes 80% of transportation services of international trade
and contributes significantly to the global economy [1]. However, it also accounts for 3%
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of carbon emissions globally, and carbon emissions can increase if there is no control. In
order to reduce the carbon emissions and promote sustainable development of the
shipping industry, the International Maritime Organization (IMO) has taken various
measures. In 2013, the Energy Efficiency Design Index (EEDI) and the Ship Energy
Efficiency Management Plan (SEEMP) were adopted. In 2019, the Energy Efficiency
Existing Ship Index (EEXI) and the Carbon Intensity Indicator (CII) were also adopted. In
2018, IMO announced an initial goal to reduce the carbon intensity of international
shipping by at least 40% by 2030, pursuing efforts towards a 70% reduction by 2050,
compared to 2008 [2]. In July 2023, this target was revised. It is explicitly stated that net-
zero GHG emissions from shipping should be achieved around 2050. That is, the policy
has become stricter. In April 2025, IMO announced a carbon emission regulation plan
called “Net-Zero Framework”, which combines mandatory emission limits with a carbon
pricing mechanism. This plan was rejected by some parties and was delayed for one year
for further discussion [3]. The adoption of this plan faces significant uncertainty.
Moreover, the trend shows that policies are becoming increasingly stringent. However, a
stringent policy may not be implemented eventually. Therefore, the policy uncertainty
may have a significant impact on shipping carriers’ green strategy choices.

A growing number of shipping carriers are moving towards a green transition to
enhance their sustainability performance. There are many ways to reduce carbon
emissions. One is to use alternative fuels, such as liquefied natural gas (LNG), green
methanol, ammonia, biofuels, and so on. Different fuels can achieve different levels of
carbon emission reduction. For example, LNG can decrease carbon emissions by about
20% compared with fossil fuels. However, green methanol can reduce carbon emissions
by 85-94%, giving it a higher carbon emission reduction potential than LNG does.
Ammonia can achieve zero carbon emissions. However, green methanol’s price is higher
than that of LNG currently. In addition, LNG has a more mature supply network than
green methanol does. It is stated that there is a risk of supply shortage associated with
green methanol [4]. That is, adopting a greener fuel such as green methanol may
encounter a significant increase in operation costs in the future if the shortage happens.
Of course, there is also a possibility that its cost may decrease due to new technology [5].
Thus, the operation cost of adopting green methanol is uncertain. Not only green fuels but
also some new technologies have such characteristics, such as carbon capture systems [6].
When reducing carbon emissions is inevitable, which strategy to choose is an essential
question.

This paper is motivated by the fact that the policy on carbon emissions of the
shipping industry is becoming stricter, whereas there exists a possibility that a stringent
policy may not be implemented eventually. As highlighted by Kanchiralla et al. [7], the
postponed IMO Net-Zero Framework combines a GHG fuel-intensity standard with a
pricing mechanism, but its final stringency remains highly uncertain. When the carrier
initially chooses a low-carbon emission reduction strategy and then in the future, if a
stringent policy is implemented, they need to upgrade their equipment and bear high
operation costs. However, when adopting a high-carbon emission reduction strategy in
period 1, they may need to bear higher operation costs in period 2. As a result, the carrier
must trade off between the two strategies. Due to the fierce competition in the shipping
industry, carriers tend to be risk-averse. Subsequently, carriers’ risk-averse behavior may
also have a great impact on their decisions.

Then, the following questions are proposed:

(1) What are the optimal green strategies of competing shipping carriers facing both
policy uncertainty and operation cost uncertainty?

(2) What are the impacts of two kinds of risks on their decisions?

(3) What is the impact of carriers’ risk aversion on their strategy choices?
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The above questions can be important for achieving sustainable maritime transport
because they depict the trade-off dilemmas of the carriers when adopting between two
kinds of green strategies. In order to answer the above questions, we develop a two-period
game model to study the competition between two shipping carriers. In period 1, both of
them choose a green strategy: a high-carbon emission reduction strategy (strategy H) or a
low-carbon emission reduction strategy (strategy L). They decide their freight rates
(prices) in period 1 to compete for shippers. In period 2, a policy comes into force.
However, it may be stringent or lenient. Subsequently, if the policy is stringent, the carrier
adopting strategy L in period 1 needs to upgrade to strategy H. If the policy is lenient, the
carrier may only need to pay carbon emission fees. In period 2, the operation cost of using
strategy H is uncertain. The cost may be lower or higher. We use Conditional Value-at-
Risk (CVaR) to evaluate the risk of using strategy H. The interactions between policy
uncertainty, operational cost uncertainty, carriers’ risk attitude, and other key factors are
studied to obtain managerial insights.

Question (1) is addressed in Section 4 (Equilibrium outcomes for four strategy
combinations) and Section 5.2 (Proposition 5), which present the final equilibrium
strategies under different parameter conditions. These are illustrated through the
numerical simulations in Section 6.

Question (2) is analyzed in Section 5.1 (Corollaries 1-4) and Sections 6.1-6.3, which
discuss the effects of policy uncertainty and cost uncertainty on pricing, demand, and
strategic equilibrium, respectively.

Question (3) is analyzed in Section 6.3, which examines the impact of risk-aversion
parameters on strategy selection and, in conjunction with Corollary 1, illustrates the
relationship between risk attitude and pricing.

The answers to the above questions will be developed progressively in the following
sections and summarized in Section 8 (Conclusions).

The rest of the study is organized as follows. In Section 2, the relevant literature is
studied. In Section 3, the problem formulation and notations are presented. Section 4
presents the detailed models in four strategy profiles and equilibrium results. In Section
5, we compare the equilibrium of the four subgames and derive the final equilibrium of
the game. The impacts of parameters on the equilibrium are studied in Section 6. Model
extension is discussed in Section 7, and we conclude the study in Section 8.

2. Literature Review

This work is closely related to carbon emission reduction strategy in the shipping
industry, environmental policy uncertainty, and the risks in adopting green strategy.

2.1. Carbon Emission Reduction Strategy in the Shipping Industry

Multiple measures are available for carbon emission reduction, and the relevant
studies can be grouped into three main streams. The first stream is alternative fuel
adoption. There are many fuel choices such as LNG, biofuels, green methanol, hydrogen,
and ammonia. Some of them are relatively mature, such as LNG, which is more accessible.
However, green methanol, hydrogen, and ammonia, which can reduce carbon emissions
significantly compared with LNG and biofuels, have not been used on a large scale due
to production capacity limit or technological issues. Moshiul et al. [8] studied the criteria
for alternative fuel selection and found that the most important criteria for shipping firm-
level stakeholders are technological aspects, technology status, expenditures, ecosystem
impact, and health-safety considerations. Wang and Iris [9] studied the selection of fuel
types for each ship in a fleet and determined the number and sizes of ships to add or
remove under uncertainty, considering emissions, investment and operation costs, and
revenues. Li et al. [10] stated that the life-cycle environmental and economic analysis can
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provide important guidance for adopting alternative fuels for different ships. A recent
case study on the Shanghai-Los Angeles green shipping corridor by Jiang et al. [11]
demonstrated that the total cost of ownership and regulatory penalty levels jointly
determine the optimal timing for fuel transition, which is highly sensitive to carbon
pricing. The second stream is technical ways, such as carbon capture systems [12,13],
wind-assisted ship propulsion [14], solar photovoltaic systems [15], and battery-electric
ships [16]. Xiao et al. [17] analyzed the application of digital technology in decarbonizing
shipping from 2005 to 2024. They proposed some directions for future research about
speed optimization, emissions forecasting, routing optimization, and so on. The third
stream is market-oriented policies such as cap-and-trade (C&T) and carbon taxes [18,19].
For example, the European Union (EU) has implemented the EU Emissions Trading
System (EU ETS) starting from 2024, and there is no free allocation for international
shipping. Zhou et al. [20] compared this allocation mechanism with the traditional free
allocation policy and found that some policies may hinder the adoption of efficient
emission reduction technologies at certain allowance price levels.

2.2. Uncertain Environment Policy

Many carbon emission reduction policies are implemented to promote green
transmission in the shipping industry. For example, the carbon-trading mechanism plays
an increasingly important role in promoting decarbonization, advancing green
technological innovation, and improving resource allocation efficiency [21-23]. Ye et al.
[24] analyzed the performance of cap-and-trade systems, tax and subsidy mechanisms,
and collaborative policy frameworks in decarbonizing shipping. Park et al. [25] explored
comprehensive cost mitigation strategies adopted by shipping companies in response to
multiple regulations, including carbon intensity indicators and the EU Emissions Trading
System. They demonstrated that firms needed to adapt proactively within complex policy
environments. Sun et al. [26] focused on the direct effects of carbon taxes and emission-
trading schemes on operation costs and emission reduction incentives. Liu et al. [27] found
that stringent green regulations could encourage shipping carriers to make early green
investments but may also lead to more conservative investment scales. Huang et al. [23],
in the context of carbon-trading systems, discussed fluctuations in the shipping market
across different periods. They revealed that low-carbon policies were more effective in
stimulating carriers’ emission reduction efforts during market booms. Wang and Zhang
[28] analyzed shore power adoption under subsidies and carbon taxes using a game-
theoretic model, confirming that shipper carbon preference and carbon price levels jointly
influence carriers’ strategic choices. Additionally, Lehmann et al. [29] systematically
investigated the impacts of international shipping organizations and four EU regulations
in addressing challenges related to the green transition of international shipping.

However, regulatory uncertainty regarding carbon emission reduction policies is
regarded as a key external factor affecting the green transition of the shipping industry.
This uncertainty may trigger two seemingly contradictory strategic responses. On one
hand, it could drive shipping companies to make substantial upfront investments to avoid
future risks, potentially leading to overcapacity and increasing emissions [30]. Moreover,
Fu et al. [31] argued that risky policies and the attribution of environmental liability can
lead to stranded asset risks. Jeong et al. [32] found that under carbon pricing, shipping
carriers are expected to face approximately USD 26.5 million in stranded asset risks.
However, if vessels slow down to comply with carbon intensity regulations, this risk
would decrease to USD 25.2 million. On the other hand, under high-carbon-tax scenarios,
shipping companies might prefer to maintain operational flexibility by increasing
chartering activities. While this may raise operation costs, it nonetheless contributes to
emission reduction [33]. This finding revealed the complex relationship between
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corporate behavior and emission reduction outcomes under uncertainty. Caprace et al.
[34] emphasized that achieving zero-emission shipping required an integrated strategy
combining regulatory frameworks, alternative fuels, and energy-saving technologies. Du
et al. [35] found that potential stringent regulations prompted firms to adopt strategic
behaviors.

2.3. Risks in Adopting Green Strategy

Relating to adopting a new green strategy, there may be many kinds of uncertain
risks. Xia et al. [36] stated that there may be decarbonization outcome uncertainty and
demand uncertainty regarding the utilization of green technology. Zheng et al. [5]
proposed that there may be policy uncertainty and cost fluctuation risk. Yu et al. [37]
studied the stochasticity of innovation outcomes in decarbonization.

Some studies propose methods to measure risk. Ozbiltekin et al. [38] utilized graph
theory and matrix methods to determine the risks causing carbon emissions and the risks
that should be prioritized. Chen et al. [39] developed an advanced joint risk measurement
framework focusing on the risk spillover effect and investment management in green
bonds and the shipbuilding market. Li et al. [40] quantified the interdependence by
evaluating the risks related to the adoption of alternative fuels from the perspective of
shipping carriers. They used leak noise in combination with Bayesian network models,
identifying the mutual dependencies. Fu et al. [41] constructed a three-party stochastic
evolutionary game model using the theory of Ito stochastic differential equations to
simulate the uncertainty in the emission reduction process and analyze the strategic
interactions among the government, shippers, and carriers.

There are also numerous methods to cope with risk. Sun et al. [42] proposed a risk
hedging strategy for the shipping industry, incorporating risk aversion into the stochastic
optimization model. They pointed out that moderate risk aversion was a wise choice.
Chen et al. [43] discovered that there was asymmetric risk contagion between the
oil/carbon market and the shipping market, with risks spreading from the oil/carbon
markets to the shipping market more rapidly and intensively. Minematsu et al. [44]
proposed a strategy for ship development leveraging synergy effects to address the
uncertainty associated with green fuels. Wang et al. [45] constructed a risk transfer model
to explore the impact of carbon tax fluctuations on the carbon-trading mechanism of the
shore-based power system and the risk transfer in pricing and profits for the members of
the shipping supply chain. Zhao et al. [46] developed a two-stage stochastic programming
model to study the impact of operational demands and fuel prices on the environmental
constraints and uncertainties in the commercial decisions regarding the renewal of green
fleets. Choi et al. [47] focused on the influence of risk attitudes and demand fluctuations
on service pricing. They found that an increase in risk tolerance would raise the
equilibrium price, and a moderate risk preference would contribute to profit
maximization. Tao et al. [48] analyzed the impact of risk aversion and contract uncertainty
on pricing and contract preferences, while Wang et al. [49] explored the long-term freight
decisions of carriers and the procurement decisions of shippers from the perspective of
carrier risk aversion. Zheng et al. [50] studied the competition of risk-averse shipping
carriers in the context of corporate social responsibility. They found that social
responsibility efforts can achieve a win-win situation under specific conditions.
Additionally, Huang et al. [51] through the construction of a three-tier maritime supply
chain, including carbon emission reduction investment and low-carbon service
investment, discovered that carriers’ high-risk aversion awareness would have a positive
impact on greenness, social welfare, and system stability.
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2.4. Research Gap

Though substantial research has been conducted on reducing carbon emissions in the
maritime sector for sustainable development. There are still some limitations.

Firstly, existing research often overlooks the compound risks faced by enterprises
when selecting different carbon emission reduction strategies. For example, whilst Haehl
and Spiner [52] examined regulatory uncertainty in shipping capacity expansion, they did
not consider the uncertainty associated with green technology effectiveness. Conversely,
Xia et al. [36] focused on the uncertainty of technological effectiveness but neglected the
uncertainty surrounding policy direction. In fact, uncertainty surrounding carbon
emission reduction policies may lead to the premature stranding of low-emission assets,
whilst cost uncertainty associated with high-emission reduction technologies (such as
green methanol and ammonia fuels) may give rise to operational risks. These two types
of risks frequently coexist and influence one another, yet few studies have examined them
simultaneously.

Secondly, much of the existing literature overlooks the impact of the competitive
environment on the choice of green strategies. Some studies (such as Wang and Iris [9])
focus on the technology selection of individual firms, without considering the feedback
effects of competitors’ strategies on their own decisions. However, the shipping market is
a typical oligopolistic market. Particularly when shippers are sensitive to both price and
carbon emissions, competition significantly alters firms" pricing and investment
incentives. Currently, there remains a gap in the literature regarding how two competing
shipping companies balance high- and low-emission reduction strategies under
asymmetric market positions.

Thirdly, the risk-averse nature of decision makers is largely overlooked in existing
models. The vast majority of studies on green technology selection [6,10] employ an
expected profit maximization framework, assuming that firms are risk-neutral. However,
carriers often exhibit significant risk-averse behavior when faced with costly green
investments and an uncertain policy environment [42,47]. Ignoring this characteristic
leads to systematic discrepancies between model predictions and actual decision-making
behavior.

In order to bridge the above gaps, this paper considers the carbon emission reduction
strategies of two competing risk averse carriers. Policy uncertainty and cost uncertainty
are both considered. We find that the market position plays a vital role in shaping the
equilibrium.

This paper is closely related to Zheng et al. [5]. However, this paper is quite different.
Firstly, they studied a market only sensitive to speed and price. We assume that the
market demand is sensitive to both carbon emissions and price. Secondly, they focused
on the slow-steaming strategy and the equipment upgrade strategy. This paper focus on
two kinds of strategies that have different carbon emission reduction levels. One has a
high-carbon emission reduction level, and the other is a low-carbon emission reduction
level. Our model can adapt to more scenarios when two green strategies with different
potential in reducing carbon emissions are considered. Thirdly, we consider a common
scenario where the two competing carriers have asymmetric market positions and find
that it has a significant impact on the equilibrium.

3. Problem Formulation and Notations

We considered a two-period game model of duopolistic competition consisting of
two risk-averse shipping carriers (A and B) facing both policy uncertainty and cost
uncertainty. At the start of period 1, the carriers need to choose their carbon emission
reduction strategies. Each of them can choose strategy L, which has a low-carbon emission
reduction level, or strategy H, which has a high-carbon emission reduction level. At the
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beginning of period 2, a policy will come into force. It is uncertain whether it may be
stringent or lenient. If it is stringent, strategy L will not meet the requirements of the policy
and may not be able to operate anymore. The carrier adopting strategy L in period 1 needs
to upgrade to strategy H immediately. We assume that the asset (such as a ship or other
equipment that can reduce carbon emissions) bought in period 1 is stranded and the
salvage value is zero. The carrier needs to buy a new asset that can reduce more carbon
emissions (strategy H) to comply with the policy. It is worth noting that asset stranding in
maritime economics can manifest in multiple forms: supply-side stranding occurs when
carbon-intensive vessels become unable to operate profitably under stricter emission
regulations. Demand-side stranding arises from decreased demand for fossil fuel
transport. In our model, the zero salvage value assumption represents an extreme case of
supply-side stranding, wherein the vessel loses all operational and market value upon the
enactment of a stringent policy. While this simplification facilitates analytical tractability,
we acknowledge that in practice, stranded vessels may retain residual value through
secondary markets (e.g., sale to routes with less stringent regulations) or scrap recycling.
We relaxed this assumption in Section 7 to examine the robustness of our findings under
positive salvage values. If the carrier adopts strategy H in period 1, no matter whether the
policy is stringent or not, they do not need to change their strategy. It is important to note
that we used the terms green strategy H and green strategy L as alternatives to specific
strategies. For example, ships powered by LNG can only reduce carbon emissions by
about 20% compared with conventional fossil fuels, which can be viewed as strategy L.
Ships powered by green methanol can reduce carbon emissions by about 80%. Ammonia
can even achieve zero carbon emission. Green methanol or ammonia can be viewed as
strategy H. However, the supply networks of green methanol or ammonia are not as well-
established as LNG. It is stated that green methanol may encounter a shortage in the
future if more and more carriers adopt it [4]. Green methanol, ammonia, and other novel
technologies are associated with unforeseen risks due to their early stage of development,
which may lead to higher operation costs in the future. For example, the equipment may
need frequent maintenance and repair. Thus, we assume that in period 2, besides policy
uncertainty, the operation costs of strategy H are also uncertain. The cost may increase
due to the advanced nature of the technology, the inadequacy of the supply facilities, and
the fact that it has not yet reached a scale of production. Of course, there is still a possibility
that the cost may decrease due to technology improvement.

The sequence of events is shown in Figure 1. In period 1, two shipping carriers choose
their respective green strategies simultaneously between strategy H and strategy L. There
are four potential equilibrium outcomes: (H, H), (H, L), (L, H), and (L, L). Subsequently,
shipping carriers determine their respective freight rates at the same time. Finally, by
observing the freight rates and green strategies of the carriers, shippers choose carriers to
purchase green transportation services.

There is a probability of 4 that
stringent carbon reduction policies

will be introduced. Assets of strategy Shippers select carriers
L become stranded, necessitating an based on freight rates
immediate switch to strategy H. and green strategies.

The two shipping carriers

simultaneously determine Y

their freight rates p, and Both carriers determine

the freight rates p,and
Dz, at the same time.

I - Both carriers determine
T.he two shipping carriers Shippers seljcct carriers the freight rates p,,and
simultaneously decide their based on freight rates 5, at the same time.
Py

green strategies H/L. There and carbon emissions.
are four possible outcomes The probability of lenient carbon

Shippers select carriers

(H,H)(H,L)(L,H)and(L,L). emission reduction policies being based on freight rates

introduced is 1- 4. Assets of strategy L
can still operate. However, the carrier
who adopts strategy L needs to pay the
carbon fee.

and green strategies.

Figure 1. The sequence of events.
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In period 2, the shipping industry implements a new policy, which may be stringent
or lenient. To simplify the model, we assume that the stringent policy occurs with
probability 4 . Then, the probability of the lenient policy is 1-A . When the stringent
policy occurs, the green strategy L no longer fulfils policy requirements. The shipping
carrier adopting strategy L needs to upgrade to strategy H. When the policy is lenient, the
green strategy L can continue to be adopted. Finally, two carriers determine their
respective freight rates, and shippers choose carriers to purchase green transportation
services. Table 1 presents all notations used in this study.

Table 1. Notation.

Parameters Description

m Total market demand of the shipping industry

a Proportion of total market demand of carrier A

B Cross price sensitivity of shippers (0< g <1)

v Carbon sensitivity of shippers (0<y <1)

P Probability of the carbon emission reduction policies introduced in
period 2 will be stringent

c* Unit operation cost for the adoption of strategy &, ke {H ,L}
Unit operation cost of strategy H in period 2, a random variable

£ Range of variation in unit operation cost for strategy H in period 2

e Unit carbon emission under strategy &, ke {H ,L}

r Unit cost of carbon emission

F* Fixed investment cost under strategy k, k €{H,L}
Net residual value rate for vessels represented by strategy L,

Y pelol)

0 Discount rate

Ny My Risk-averse indicators for carrier A and B, (O <n,<L0<ny, < 1)

Decision variable

P, P Unit freight rate for carrier A or B in period 1
i i Unit freight rate of carrier A or B when the policy is stringent in

Pp> Pm period 2
2 2 Unit freight rate of carrier A or B when the policy is lenient in

Pa> P period 2

Indexes

k Green strategy, ke{H,L}

j Period, je{1,2}

4,B Carriers A, B

Other notations

P e Profits of carriers A and B in period

Shkl ik Profits of carriers A and B in period 2 when the new policy is
©woeTe stringent

i ki Profits of carriers A and B in period 2 when the new policy is
AL 2B lenient.

gt qht Market demands of carriers A and B in period 1

g1 g Market demands of carriers A and B in period 2 when the new
A2 >1B2

policy is stringent
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K2 kk2 Market demands of carriers A and B in period 2 when the new
Q™ policy is lenient
CVaR ,,CVaR, Conditional value at risk of carrier A and B
UlGi=4,B) The objective functions of carriers A and B, taking CVaR values into

account

3.1. Demand Functions

We assume that the market shares of carriers A and B in the shipping market are
asymmetric and that the demand for each carrier is linearly related to its own freight rate
and its competitor’s freight rate. In addition, as shippers become increasingly concerned
about environmental issues, carbon emissions can influence their purchasing decisions
[53]. Shippers” low-carbon preference increases carriers’ willingness to reduce emissions
[41]. Thus, we incorporated the impact of shippers’ sensitivity to carbon emissions into
our demand functions. Specifically, the demands of carriers A and B are as follows:

q 4 :am_ij"'ﬂij_}/eﬁ (1)

qy =(1=a)m=py +Bp;—re; @
Note that j € {1,2} denotes period 1 or period 2 and k € {H,L}.

In subsequent subgames, where the strategy adopted by the carrier is determined by
the subgame scenario, we shall denote the carbon emissions of strategy L simply as e (the
carbon emission of strategy H is 0) and shall omit the superscript for the strategy to keep
the formula concise.

3.2. Profit Functions

Carrier i can receive a per-unit freight rate p; from shippers. The relevant costs

for carriers consist of three main components: the operation costs ¢*, the fees paid for
carbon emissions re*, and fixed investment costs F*.

In period 1 (the new regulatory policies have not been issued), both carriers fulfill the
regulatory requirements, and neither needs to pay a fee of carbon emissions. Therefore,
carriers only have operation costs and fixed investment costs. It can be concluded that the
profit function of carrier i in period 1is

= (pil _ck)ql'l 3)
where ¢, and p, denote the demand and freight rates of carriers in period 1.

Note that Equation (3) does not take into account the fixed investment costs ( F* ) of
purchasing the vessel. These are only factored in when calculating the total discounted
utility at the start of period 1 in the context of strategy selection (Equations (9) and (10)).

In period 2 (the new regulatory policies have been issued), if the newly implemented
policy is stringent, the carriers adopting strategy H in period 1 do not have to change, but
carriers adopting strategy L need to switch to strategy H. Thus, both of them will
encounter an uncertain cost of strategy H. Because of the high cost of retrofitting and
upgrading, we assume that the salvage value of the vessels used in strategy L is zero, and
carriers need to repurchase the vessels used in strategy H. Therefore, carriers adopting
strategy H only have operation costs, and carriers adopting strategy L have operation costs
and fixed investment costs in period 2. The profits of the two carriers in period 2 when the
policy is stringent are shown in Equation (4).

”[Izﬂ :(pZZ_é:)in 4)
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Note that Equation (4) does not take into account the fixed investment costs ( ¥ “) of
purchasing the vessel. These are only factored in when calculating the total discounted
utility at the start of period 1, in the context of strategy selection (Equation (10)).

If the newly implemented policy is lenient, the carriers adopting strategy H or L in
period 1 do not need to change. However, carbon emissions of the green strategy L do not
meet the requirements, and carriers adopting strategy L will have to pay a fee of carbon
emissions. We assume that the unit fee of carbon emission is ». As a result, the carriers
adopting strategy L will have to pay re.Green strategy H is assumed to have zero carbon
emissions due to its strong emissions reduction and fulfilment of policy requirements. In
addition, there may be uncertainty about operation costs of strategy H in period 2. For
example, the cost of green methanol may increase due to supply shortages, inadequate
infrastructure, and an increase in the number of green methanol vessels. Moreover,
technological breakthroughs could also lead to the large-scale availability of green
methanol, which could significantly reduce operation costs. We assume that the operation
costs of strategy H is a random variable & . For computational convenience, & is

assumed to obey a uniform distribution over the interval [ —&,c" +&] with the
probability density function of 1/(2¢) . Therefore, if the carrier adopts strategy H in

period 1, then the profit function of carrier i in period 2 is
7[1'1;2 = (piZ _§)Qi2 (5)
If the carrier i adopts strategy L in period 1, the profit function of carrier i in

period 2 is

L2

T :(piz—cL—re)qu (6)

3.3. Objective Functions Under Risk-Averse Attitudes

In maritime shipping markets, carriers often exhibit risk-averse behavior when facing
high uncertainty, such as volatile fuel costs, unclear future regulations, or unproven green
technologies [45,50]. Therefore, we adopt Conditional Value-at-Risk (CVaR) as the risk
measure for carriers adopting strategy H, facing uncertain operation costs in period 2.

Several risk measures are commonly used in operations research: mean-variance,
Value-at-Risk (VaR), and Conditional Value-at-Risk (CVaR). Mean-variance assumes
normally distributed returns and treats upside and downside risks symmetrically, which
is inappropriate for asymmetric or fat-tailed distributions. VaR is intuitive but lacks
subadditivity (thus not a coherent risk measure) and does not capture the magnitude of
losses beyond the quantile. In contrast, CVaR, introduced by Rockafellar and Uryasev
[54], provides a more accurate reflection of the expected return under the assumption that
the carrier is extremely risk-averse. It is convex, computationally tractable, and better
reflects a risk-averse decision-maker’s concern about extreme losses. Since the operation
cost of strategy H in our model follows a uniform distribution (bounded but potentially
asymmetric in terms of profit impact), CVaR is a suitable choice to evaluate the downside
risk of adopting high-abatement technologies. Moreover, CVaR has been successfully
applied in maritime operations under various uncertainties, including vessel schedule
recovery, Arctic route planning, dual-fuel ship operations, and cap-and-trade supply
chains [55-58].

Following Rockafellar and Uryasev [54] and Zheng et al. [5], the CVaR value can be
rewritten as follows:

CVaR” (7[) = max{v+lE[min{7z - v,O}]} (7)
v n
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where v is the Value-at-Risk (VaR) at the same confidence level. In practice, CVaR
represents the average profit below the 7 -quantile, ignoring the contribution of profits
above that quantile. In simple terms, CVaR answers the question: “If we look only at the
worst 7x100% of possible outcomes, what is the average profit?” For example, if
n =0.05, CVaR is the average profit in the worst 5% of scenarios. Unlike VaR, which only
tells the profit threshold at the 5th percentile (e.g., “profit will not fall below $X in 95% of
cases”), CVaR further reveals how bad things can become beyond that threshold. Hence,
arisk-averse carrier using CVaR focuses on avoiding extreme downside losses rather than
merely maximizing expected profit.

When 7 =1, the carrier is risk neutral. In this case, the carrier ignores the risk. The
CVaR value is equal to the expected profit. When 0 <7 <1, the carrier is risk averse, and
when 7 decreases, the carrier becomes increasingly risk averse.

Adopting strategy L involves no operation cost risk, the carrier is therefore assumed
to be risk neutral, i.e, n=1, then CVaR (ﬂf ) =7z . The CVaR value is used as the

objective function of the carrier under two different green strategies.

By associating Equations (3) and (7), it can be obtained that if carrier i chooses

strategy H in period 2, his objective function is
CVaR” (HI.H) = max{v+iE|:min{7riH -v, 0}]} (8)
v 7,

If carrier i chooses strategy L in period 2, then its objective function is equivalent to
Equation (6).

In our study, we denote the objective function of the two carriers after considering
the CVaR value of risk by U, (i = 4,B) , and the carriers need to choose the optimal freight
rate to maximize it.

If carrier i/ adopts strategy H in period 1, then the sum of its two-period utilities is

Ul =zl + 5[ ACVaR}' + (1~ A)CVaR? |- F" )
If carrier i adopts strategy L in period 1, then the sum of its two-period utilities is
Ul =7} +8[ ACVaRY + (1= x| - F* = SAF" (10)

As shown in Figure 1, the chronological order of the game is as follows:

Firstly, at the beginning of period 1, both carriers simultaneously choose their green
strategies: H or L. Then, the two carriers set their freight rates for period 1.

Secondly, at the beginning of period 2, depending on whether a stringent policy is
implemented or not, the two carriers set their respective freight rates.

Therefore, the problem is a subgame perfect Nash game. There are four types of
subgames: (H, H), (H, L), (L, H), and (L, L).

In the two-period game model, the primary goal is to obtain the stable strategy of the
two carriers, which is the final game equilibrium. In the final game equilibrium, neither
carrier is motivated to deviate unilaterally.

The procedure for deriving the final equilibrium is as follows:

Firstly, backward induction is used to obtain the optimal prices of the two carriers in
both periods. Then, the equilibrium of the four subgames is analyzed. Finally, the
equilibrium result of the game is obtained.

In Section 4, we analyze the optimal freight rates under each subgame. Subsequently,
we analyze the equilibrium of the game in Section 5 to find a steady state where no carrier
will unilaterally deviate from that state.
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4. Equilibrium of Four Sub-Games
4.1. Scenario (H, H)

In this case, both carriers adopt strategy H in period 1, such as green methanol-fueled
ships, with fixed investment costs of F" . Strategy H has no carbon emissions and
therefore has no negative utility to shippers.

(1) In period 1.

The demand functions of carriers A and B are as follows.

g =am=p,+ oy (11)
dn =(=a)m=py +PFp, (12)
The profit functions of carriers A and B are as follows.
T =Py ="y’ (13)
7o = (P =)y’ (14)

Note that Equations (13) and (14) do not take into account the fixed investment costs
(F") of purchasing the vessel. These are only factored in when calculating the total
discounted utility at the start of period 1 in the context of strategy selection (Equation
(20)).

(2) In period 2.

In period 2, since both carriers choose strategy H in period 1, there is no need to
switch strategies regardless of whether the policy is stringent or not, and in period 2,
strategy H still meets the emission requirements. However, the operation costs of strategy
H in period 2 are stochastic.

The demand functions of carriers A and B are, respectively,

q,]g =am=p,+ P pg (15)

quH =(l-a)ym—py, +pPp,, (16)
The profit functions of carriers A and B are, respectively,

T =P =840 17)

HH HH
Ty =(Ppy = S)qn (18)
In the shipping industry, where carriers tend to be more cautious due to fierce
competition, we have considered the risk-averse behavior of carriers. As a result of
adopting strategy H, their operation costs in period 2 are random variables. To measure
this risk, CVaR is used in period 2.

1 .
CVaR)" = max {\/+;E[mm((pi2 &g —v, O)J} (19)

In period 1, since the operation costs of strategy H are known, the CVaR is equal to
its profit, assuming there is no uncertainty.

In this study, we denote the objective function of the two carriers after considering
the CVaR value of risk by U, (i = 4,B), and the carriers need to decide the optimal freight

rate to maximize the value of the objective function.

U™ () = 2" + 5CVaR 2 — F" (20)

Proposition 1. The equilibrium price decisions of the two carriers in the scenario (H, H) are shown
in Table 2.
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Table 2. The equilibrium solutions of scenario (H, H).

Period Policy Severity The Price of Carrier A The Price of Carrier B
1 ) pHH*:MA+cH(2+ﬁ) pHH*:MB_CH(2+ﬁ)
Al —4 _ ﬂz Bl 4 _ ﬂZ

wre _ M+ QAP +eQA B2~ fy) e My +" Q4 P+ + - fn, —2m)
A2 T - 4_ﬁ2

4_ﬁ2 B2

where M , :m(2a+ﬂ—aﬁ) M, :m(2—2a+aﬂ).

4.2. Scenario (L, H)

In this case, in period 1, carrier A adopts strategy L (e.g., LNG fuel), while carrier B
chooses strategy H (e.g., green methanol, a zero-carbon fuel) and acquires a ship, paying
a one-time fixed investment cost of F“ and F", respectively. Since LNG fuel has carbon
emissions and shippers are sensitive to carbon emissions, strategy L will have a negative
impact on demand.

(1) In period 1.

The demand functions of carriers A and B are as follows.

g3 =am—p,+Ppy —re (21)
g5 =(=a)m=py +Bp, (22)
The profit functions of carriers A and B are, respectively,
7 = (P =l (23)
75 = (py =gy (24)

Note that Equations (23) and (24) do not take into account the fixed investment costs
( F*) of purchasing the vessel. These are only factored in when calculating the total
discounted utility at the start of period 1 in the context of strategy selection (Equations (36)
and (37)).

(2) In period 2.

In period 2, since carrier B chooses strategy H in period 1, it is not affected by the
policy, whether it is stringent or not. In addition, strategy H has no carbon emissions, and
therefore, there are no costs associated with carbon emissions. However, the operation
costs of strategy H in period 2 are stochastic.

For carrier A, it needs to take the risk of policy uncertainty into account.

(D Stringent policy occurs in period 2.

In the event of stringent policy occurring, carrier A needs to transform, adopting
strategy H and incurring additional one-time fixed investment costs F" . Since both
carriers adopt strategy H after the transformation, then market demand is mainly
influenced by price, and market demand functions are

LH1

Qi =am=p+Ppy, (25)
g5 =(1=a)ym=pg, +Bp, (26)
The profit functions are
T =P (27)
7y = (P =Mz (28)

Note that Equation (27) does not take into account the fixed investment costs (F" )
of purchasing the vessel used in strategy H. These are only factored in when calculating
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the total discounted utility at the start of period 1 in the context of strategy selection

(Equation (36)).
The corresponding CVaR values are

1 .

CVaR;" = max {v+ﬂ—E[mm<(pAz ~&)ql; —v, 0)]} (29)
A
1 .

CVaRY =m3X{V+n—E[mm((p32—§)q§f—v,O)]} 40
B

(2) Stringent policy does not occur in period 2.

If a stringent policy do not occur; carrier A continues to adopt strategy L, e.g., using
LNG ships; and carrier B does not need to change its strategy, then the market demand is
mainly affected by price and carbon emissions, and the market demand functions are
expressed, respectively, as

LH2

Qi =am=pyo+Ppg—re (1)
G =(=c)m=py,+Bp, (32)
The profit functions are expressed as
7 =(p,—c" —rogy’ (33)
7y =Py =551 (34)

In this case, only carrier B has to deal with the uncertainty of operation costs.
Therefore, carrier B needs to be measured using CVaR, while carrier A has its expected

profit as its CVaR value.
The CVaR value of carrier B can be obtained:
CVaR (i =[ py, —" —e(1-1,) |a;" (35)
Assuming that the discount factor is &, then the sum of the utilities of the two
periods is
UL =7l + 8 {ACVaR ! +(1-2)E[ 7442 ]} - F — 62F" (36)
Uy =y +8[ ACVaR" +(1- 1)CVaR > |- F” (37)

Proposition 2. The equilibrium price decisions of the two carriers in the scenario (L, H) are shown
in Table 3.

Table 3. The equilibrium solutions of scenario (L, H).

Period Policy Severity The Price of Carrier A The Price of Carrier B
e M+ B +2(ch —ep) e My +2c" + Bt —ey)
1 - a = 4 p Pr = 4-p’
. LH]*_MA+CH(2+ﬁ)+g(2+ﬂ_2nA_ﬂnB) LHl*_MB+CH(2+ﬂ)+g(2+ﬁ_ﬂ’7A_2nB)
Stringent P = 2 Py = 2
X 4-p 4-p
. e M 20 ve(r=pP+ B +e—emy) e My + Bl +e(r=p)]+2(c" +6-eny)
Lenient P = 4 Pr = 4- B

where M, =m(2a+ﬁ—aﬁ); M, =m(2—2a+aﬂ).

4.3. Scenario (H, L)

In this case, carrier A chooses strategy H, and carrier B chooses strategy L in period
1, with one-time fixed investment costs of F” and F", respectively. Since scenario (H,
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L) is similar to scenario (L, H), we omit detailed descriptions and only present the
functions accordingly.

(1) In period 1.

The demand functions of carriers A and B are, respectively,

‘IZL =am—p,, +ppg (38)

Gy =(=a)m—py +Pp, ~ve (39)
The profit functions of carriers A and B are

T =,y (40)

7y =Py = )y (41)
Note that Equations (40)and (41) do not take into account the fixed investment costs
of purchasing the vessel. These are only factored in when calculating the total discounted
utility at the start of period 1, in the context of strategy selection (Equations (53) and (54)).
(2) In period 2.
(D Stringent policy occurs in period 2.
The demand functions are

HLI1

Qa2 =am=p+ PPy, (42)
Gy, =(=a)m=py, +Bp,, (43)
The profit functions are
7' = (P =94 (44)
Ty =Py =) (45)

Note that Equation (45) does not take into account the fixed investment costs of
purchasing the vessel. These are only factored in when calculating the total discounted
utility at the start of period 1 in the context of strategy selection (Equation (54)).

The corresponding CVaR values are

CVaR/fy' = max {wﬂiE[min(( P —Eq —v, 0)]} (46)
A

CVaRgél = max {v + ULE [min((PBz - g)quu - O)J} #7)
B

(2) Stringent policy does not occur in period 2.
The market demands are

HL2

Qi =am=p+Fpp (48)
qp;" =(=a)m=py, +Bp,~ye (49)
The profit functions are, respectively,

i’ = (=541 (50)
Ty’ = (P = —re)ayy’ (51)

The CVaR value of carrier A can be obtained as
CVaR'? =[ p,, —c" —&(1-7,) |’ (52)
Assuming that the discount factor is &, the sum of the utilities of the two periods is
Ut =t + 5[ ACVaRE +(1-2)CVaR i |- F" (53)
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Uyt =z + 5[ ACVaR ' + (1= A7) |- F* = 5AF" (54)

Proposition 3. The equilibrium price decisions of the two carriers in the scenario (H, L) are shown
in Table 4.

Table 4. The equilibrium solutions of scenario (H, L).

Period Policy Severity The Price of Carrier A The Price of Carrier B
e M, +2c" + (et —ey) e Mg+ B +2(ch —ey)
1 - Pu = Py Por = 4-f
. me _ M+ QAP +eQ@+f-2m,-Pus) e Myt 2+ )2+ f- B, —21,)
Stringent 0 = 2 B2 = 2
5 4-p 4-p
. ma M+ Plet +e(r=p+2(c" +s=en,) g My+2c" +e(r=p)]+ (" +s-¢n,)
Lenient p = p =

2 = 4—ﬂ2 B2 T 4—ﬂ2

where M , :m(2a+/)’—a,3); M, :m(2—2a+aﬂ).

4.4. Scenario (L, L)

In this case, both carriers adopt strategy L in period 1, and both incur fixed
investment costs F".

(1) In period 1.

The demand functions of carriers A and B are

ij =am—p, +Ppy —vre (55)

qELB]L =(l-a)ym—py +PBp,—ve (56)

The profit functions of carriers A and B are, respectively,

T =(py - (57)

g =Py — g (58)

Note that Equations (57) and (58) do not take into account the fixed investment costs
(F") of purchasing the vessel. These are only factored in when calculating the total
discounted utility at the start of period 1, in the context of strategy selection (Equations
(69) and (70)).

(2) In period 2.

(D Stringent policy occurs in period 2.

In the event of stringent policy, both carriers need to make the transition to strategy
H and incur a one-time fixed investment cost F". Since both carriers adopt strategy H,
market demand is mainly affected by price, and the market demands are, respectively,

‘Ijél =am—p,+ PP (59)

LL1

qg; =(l—a)ym—pg, +Bp,, (60)

The profit functions are, respectively,

LL1

7o =P =4 (61)

gy = (Pgy — s (62)

Note that Equations (61) and (62) do not take into account the fixed investment costs
(F") of purchasing the vessel. These are only factored in when calculating the total
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discounted utility at the start of period 1 in the context of strategy selection (Equations (69)
and (70)).
The CVaR values for the two companies are

1 .
CVaRfél = m?.X {V+U—E[mln((p,qz _é:)Qjé ~F" -V 0)]} (63)
4

CVaR“! = max {v+ULE[min((PBz =&y —F" v, 0)]} (64)
B

(2) Stringent policy does not occur in period 2.

If a stringent policy does not occur, carriers A and B can continue to use LNG ships
but need to pay carbon emissions fees. In this case, market demand is mainly affected by
price and carbon emissions, and the market demands are, respectively,

LL2

9 =am—p,+PBpg, —re (65)
q55° =(=a)m—py, +fp,~re (66)
The profit functions are, respectively,
mh = (p,—c" —re)gy’ (67)
g = (P —ct —re)qs; (68)

Assuming that the discount factoris &, then the sum of the profits in the two periods
are

Uit =zl +8[ ACVaR!Y +(1-2) 7!y |- F* — oaF " (69)

Uyt =z +6[ ACVaR Y +(1-2) ;5 |- F* = oAF" (70)

Proposition 4. The equilibrium price decisions of the two carriers in the scenario (L, L) are shown
in Table 5.

Table 5. The equilibrium solutions of scenario (L, L).

Period Policy Severity The Price of Carrier A The Price of Carrier B
1 ) LL*:MA+(CL_67)(2+ﬂ) LL*:MB+(CL_87)(2+ﬁ)
Al 4_ﬂ2 Bl 4_ﬁ2
. e _ M+ QP +eQ+f-2m, = Puy) e My+c” Q2+ )+ Q2+ S P, ~21,)
Stringent Py = 2 Py = 2
) 4-p 4-p
: wae _ M+ 24 f)+e2+ B)r-y) e _ My +c" 2+ f)+e2+ )r-y)
Lenient P = 4- g Par = 4—

where M , =m(2a+ﬂ—aﬂ); M, =m(2—2a+aﬂ).

5. Comparisons and Equilibriums
5.1. Comparative Analysis of Sub-Games

To simplify the analysis, we assume that carriers A and B maintain the same risk-
averse attitude, ie., n,=717,=7.

Corollary 1. In the scenarios (H, H), (H, L), (L, H), and (L, L), the effects of the carriers’ risk-
averse attitude, the degree of variation in unit operation costs, and the shippers’ sensitivity to
carbon emissions on the optimal freight rate are as follows:

(i) Both carriers’ equilibrium prices in period 2 decrease with 17.
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(ii) Both carriers’ equilibrium prices in period 2 increase with the degree of variation in unit
operation costs under strateqy H.
(iii) Both carriers’ equilibrium prices decrease with the shippers’ carbon emission sensitivity.

Corollary 1 (i) indicates that the equilibrium freight rates for both carriers decrease
as T increases and rise as 77 decreases in period 2. An increase in risk aversion implies

that carriers have a greater aversion to potential losses. According to expected utility
theory, strongly risk-averse decision-makers tend to secure unit revenue by raising prices
in order to hedge against the downside risks associated with uncertainty. Consequently,
an increase in risk aversion creates upward pressure on prices, with carriers adopting
“safety-first pricing” strategies to avoid extreme loss scenarios. Conversely, when risk
aversion decreases, carriers are more willing to take the risk of price competition, using
lower prices to compete for market share, seeking to maximize expected profits rather
than minimize risk.

Furthermore, changes in the risk-averse behavior of carriers adopting strategy H
have a significant impact on the freight rates of their competitors. Specifically, when
carriers adopting strategy H become less risk-averse, the equilibrium prices of competitors
adopting strategy L also fall. This suggests that carriers adopting strategy H enhance their
competitiveness and capture market share by lowering freight rates, while competitors
are forced to adjust their prices under competitive pressure in order to maintain their
market position.

Corollary 1 (ii) reveals the impact of changes in the unit operation costs under
strategy H on the carrier’s freight rate decisions. An increase in unit operation costs
directly erodes the carriers’ margin of profit. When marginal costs rise, a rational carrier
will pass on part of the costs to downstream shippers by raising the equilibrium price in
order to maintain the desired profit level. Furthermore, when a carrier adopting strategy
H raises freight rates in anticipation of increased costs, competitors (regardless of the
green strategy they adopt) will engage in strategic follow-up actions to respond to the
changing market environment and maintain their competitive position.

Corollary 1 (iii) reveals the relationship between shippers’ carbon emission
sensitivity and the equilibrium price. When shippers’ carbon emission sensitivity
increases, carriers lower their prices. When shippers’ preferences for environmental
attributes strengthen, the effective demand for high-carbon emission services declines,
and carriers face intensified competitive pressure in the market. To maintain market share,
carriers are compelled to lower the equilibrium price to compensate for the disutility
incurred by shippers due to carbon emissions, thereby creating an environment-
preference-driven price suppression effect. This finding offers an interesting contrast to
the “polluter pays” principle: although high-carbon emission carriers do not directly bear
the costs of environmental externalities, market mechanisms indirectly achieve the effects
of environmental regulation through shippers” preferences.

Corollary 2. Given that the competitor adopts a particular strategy, the equilibrium prices are
compared when the carrier adopts different strategies.

(i) In period 1, given that the competitor adopts a certain strategy, p'" > p""; pi" > pi
, where i,je{H,L}.
(ii) In period 2, assuming that the new carbon emission policy is lenient and given the

strategies adopted by competitors, the equilibrium prices for the carrier adopting strategy H and
strategy L are compared as follows:
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H L H L Hj2* Lj2*
When ¢ —c" —er+ey<0 and e2¢,, or ¢ —c" —er+ey>0, pJj >ply ,

iH2* iL2* H L Hj2* Lj2* iH2*
Dsy > Dy, - When ¢’ —c” —er+ey<0 and ¢ <¢e<¢&,, or €<&, py <P , Dp <
! —ct —er+ey

I-7n

iL2%* H L
Dy, - Where g =—(c" —c” —er+ey), & =-

Corollary 2 (i) shows that when there is no uncertainty regarding carbon emission
reduction policies in period 1, and carriers base their decisions solely on a certain cost
structure; carriers adopting strategy H must offset their cost disadvantage through a
higher equilibrium price. Since the unit operation cost of strategy H is higher than that of
strategy L (c¢” > c"). This result reflects the fundamental logic of cost-driven pricing: in a
certain environment, a high-cost strategy directly translates into a high-price strategy.

Corollary 2 (ii) shows that in period 2, when " —ct—er+ey<0 and £>¢, or

¢ —c* —er+ey >0, the high unit operation cost of strategy H dominates pricing
decisions. Despite the lenient policy, the cost disadvantage of strategy H relative to
strategy L (operation costs) outweighs the environmental benefits derived from its zero
carbon emissions. To maintain the desired profit level, the carrier must pass on these costs
to shippers via a higher equilibrium price. This result reflects the dominant role of cost-
driven pricing mechanisms in a lenient policy environment; when cost disadvantages are
significant or operation costs are highly volatile, high-carbon emission reduction
strategies struggle to gain an advantage through price competition.

When c¢” —c"—er+ey<0 and ¢ <e<g or e<g , the zero-carbon emission
advantage of strategy H translates into a competitive advantage due to the effect of carbon

emission sensitivity (7). When strategy H’s overall cost disadvantage is negative (i.e.,

¢ —¢* —er+ey<0), this implies that the environmental benefits derived from zero

carbon emissions (as reflected by the shippers’ carbon emission sensitivity) outweigh the
higher operation costs. In this scenario, carriers adopting strategy H can attract
environmentally conscious shippers through lower equilibrium pricing, thereby realizing
a “green discount” effect, wherein environmental advantages are converted into price
competitiveness, allowing them to capture market share through their pricing advantage.

In summary, in a deterministic environment, a high-cost strategy translates directly
into a high-price strategy. However, in period two, when the policy is lenient, adopting a
high-emission reduction strategy does not always result in a higher price than adopting a
low-emission reduction strategy, which is counterintuitive.

Corollary 3. When carriers adopt different green strategies, the equilibrium freight rates for
carriers adopting strategy H are compared with those for carriers adopting strategy L.

(i) In period 1, when (2a—-lym>c* —c” —ey, p™" > pl'* otherwise, pi" < pi**

(ii) In period 2, under a stringent policy, when a>1/2 , p'i" > pli'" otherwise,
HL1* HL1*
Py S Pw

(iii) In period 2, under a lenient policy, the equilibrium freight rates are as follows:
When Qa-V)m<c' —c" —ey+er and e>¢, , or Qa-Ym>c" —c" —ey+er ,

HL2* HL2* L H HL2* HL2*
D~ > Py s when (Qa-1)m<c"—c”’ —ey+er and ¢, <¢e<¢g,, 0r €<&, Py <Dp ,

_(2a—l)m+cH—cL—er+e7/

where &, =(1-2a)m—(c" —=c" —er+ey), &, = .
-n

Since the strategic pairs (H, L) and (L, H) are symmetric, the only difference between
the two carriers is their market shares, with carrier A holding a market share of o and
carrier B holding a market share of 1-« . The results for the (L, H) can be obtained simply
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by interchanging the subscripts and variables. Due to space constraints, these results are
omitted.

Corollary 3 (i) indicates that there is no uncertainty regarding carbon emission
reduction policies in period 1, and pricing decisions are determined jointly by market
position effects, cost structures, and the negative effects of carbon emissions. Market
position effects reflect carrier A’s market share advantage or disadvantage. In terms of
cost structure, strategy L has an operational cost advantage over strategy H, and the
relative magnitude of the two determines the net effect of this cost advantage. The
negative effects of carbon emissions refer to the adverse impact of carbon emissions on
demand. When carrier A’s market position advantage exceeds carrier B’s net cost
advantage (after accounting for the negative effects of carbon emissions), carrier A can
maintain strategy H through higher price. Conversely, carrier B’s low-cost advantage will
translate into price competitiveness. This result reveals the combined influence of market
share and cost structure and the negative effects of carbon emissions on pricing decisions.

Corollary 3 (ii) shows that under a stringent policy, both carriers must adopt strategy
H in the second stage. In this case, pricing depends solely on market position, and the
carrier with the larger market share can set a higher freight rate.

Corollary 3 (iii) leads to a counterintuitive conclusion: under a lenient policy, carriers
adopting the high-emission reduction strategy H may not necessarily have higher freight
rates than competitors adopting the low-emission reduction strategy L. This phenomenon
stems from the interaction between market share and carbon sensitivity compensation.
Specifically, the effective cost of strategy L includes an implicit carbon penalty, manifested
in reduced demand (-ye) and carbon charges (re), whereas strategy H does not incur
such a penalty. When shippers’ sensitivity to carbon emissions () is sufficiently high,

this penalty will outweigh the operational cost disadvantage of strategy H. This enables
carriers adopting strategy H, particularly those with smaller market shares, to attract price
sensitive shippers by setting lower prices whilst not sacrificing demand from
environmentally conscious shippers. The threshold condition in Corollary 3 formalizes
this trade-off: A green discount emerges when the carbon penalty of strategy L exceeds its
cost advantage relative to strategy H. This effect becomes more pronounced as the market
share gap widens. Consequently, pricing outcomes are determined not by a single factor
but by the interaction between market share and carbon sensitivity.

Corollary 4. In the (H, H), (H, L), (L, H), and (L, L) scenarios, the effects of the carrier’s risk-
averse attitude, the degree of variation in unit operation costs, and the shippers’ sensitivity to
carbon emissions on equilibrium demand are as follows:

(i) In period 2, when the policy is stringent, the demand of all carriers increases with 1.
When the policy is lenient, the equilibrium demand of carriers adopting strategqy H increases with
71, and the equilibrium demand of carriers adopting strategy L decreases with 1.

(ii) In period 2, regardless of whether the policy is stringent or not, the equilibrium demand
of carriers adopting strategy H decreases with the unit operation costs, while the equilibrium
demand of carriers adopting strategy L increases with the unit operation costs of strategy H.

(iii) Carriers’ equilibrium demand decreases with shippers’ sensitivity to carbon emissions.

Corollary 4 (i) shows that an increase in risk aversion implies that carriers have a
greater aversion to potential losses, prompting them to adopt defensive pricing strategies.
For carriers adopting strategy H, increased risk aversion leads them to raise the
equilibrium price in order to hedge against the downside risks associated with
uncertainty. In accordance with the law of demand, a rise in price suppresses market
demand, and consequently, equilibrium demand decreases. This outcome reflects the
market cost of a safety-oriented pricing strategy: whilst securing unit revenue through
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higher prices, market share is sacrificed. For carriers adopting strategy L, the change in
demand stems from strategic adjustments by the competitor. When the competitor
adopting strategy H raises prices due to increased risk aversion, the carrier adopting
strategy L gains a relative price advantage, attracting a portion of price sensitive shippers
to shift their demand, thereby increasing the equilibrium demand.

Corollary 4 (ii) shows that for a carrier adopting strategy H, an increase in unit
operation costs directly erodes their profit margin. To maintain the desired level of
revenue, the carrier raises the equilibrium price, passing on part of the costs to shippers.
The price increase leads to a contraction in market demand, and consequently,
equilibrium demand decreases. This result confirms the demand-suppressing effect of
cost-driven pricing. For the carrier adopting strategy L, changes in demand also stem from
the competitor’s price adjustments. When the competitor employing strategy H raises
prices due to increased costs, the carrier adopting strategy L gains a competitive
advantage, attracting some shippers to switch. Consequently, the equilibrium demand
increases. This outcome reflects the substitution effect in oligopoly: one party’s cost
disadvantage translates into a market opportunity for the competitor.

Corollary 4 (iii) indicates that increased carbon sensitivity among shippers implies a
heightened preference for environmental attributes and reduced acceptance of high-
carbon emission services. As shippers’ carbon emission sensitivity increases, the carrier
adopting strategy L faces pressure from shrinking demand: shippers either reduce their
demand for these services, switch to zero-emission carriers adopting strategy H, or reduce
their overall consumption of transport services. When both carriers adopt strategy H,
carbon sensitivity has no direct impact on equilibrium demand, as their services are both
zero-emission. However, when at least one carrier adopts strategy L, total market demand
declines due to environmental preferences. This result reveals the overall dampening
effect of heightened environmental awareness on high-carbon emission industries: even
if some firms achieve a green transition, overall industry demand may still contract due
to environmental externalities.

5.2. The Equilibrium Green Strategy

Next, we solve for the final equilibrium outcome of the game.

Proposition 5. The equilibrium green strategy of the two carriers is as follows:

(H,H), ifandonly if F* —F"(1-64) > max{R, - R,R, - R}

(H,L), ifandonly if F* —F"(1-61)>R,—R,and F* —F" (1-52) < R, — R,
(L,H), ifandonly if F* —~F"(1-64)<R, - R and F* —F"(1-61) > R, - R,
(L,L), ifandonly if F*—F"(1-64) <min{R, - R,,R, — R}

R (i=1,...,8) arepresented in the Appendix A.1.

Z* =

To show the equilibrium results more intuitively, simulations using numerical
examples are presented in Section 6.

6. Sensitivity Analysis of the Equilibrium

In order to demonstrate the equilibrium strategy more intuitively, we present a
numerical example in this section. The default parameter settings are as follows:
m =100000,c =0.6,3=0.6,y =0.3,c”" =0.85,c" =0.3,e=0.07,7 =0.2, F* =35000, F" = 20000,
0 =0.4 . Specifically, the market size is set to a larger value (m =100000) in order to
account for fixed investment costs (in tens of thousands), ensuring that the carrier’s total
revenue is commensurate with the scale of investment and avoiding numerical distortion
caused by differences in units of measurement. o =0.6 means carrier A holds a 60%
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market share, whilst Carrier B holds 40%, reflecting an asymmetry in market position.
This scenario enables us to examine the differences in green strategy choices between the
market leader and the follower. The cross-price sensitivity £ and carbon sensitivity
are set to 0.6 and 0.3, respectively, following Zheng et al. [5] and Lu et al. [53], which reflect
moderate competition intensity and growing environmental awareness among shippers.
The cost disadvantage of methanol relative to LNG is quantified by Lee and Kim [59], who
find that methanol’s high price makes it less competitive under current carbon pricing
mechanisms. This supports our baseline assumption ¢’ >c* with a ratio of
approximately 2.8. The base operational costs are ¢ =0.85 and c¢" =0.3 , consistent
with the observation that high-abatement fuels (e.g., green methanol) currently have
higher operation expenses than LNG [4,8]. In order to keep carbon costs and carbon effects
within a reasonable economic range and to establish a system of dimensions that is
intrinsically consistent with parameters such as operation costs, carbon prices, and carbon
sensitivity, we set e=0.07. This allows us to examine the coexistence and competition
between the two strategies under conditions of policy and cost uncertainty. The carbon
emission fee is r=02 , aligned with early-stage EU ETS prices for shipping
(approximately EUR 20-30 per ton CO: equivalent). The fixed investment costs are set as
F" =20000,F" =35000 , acknowledging that green methanol vessels require higher
upfront investment but may benefit from future cost reductions [5]. The discount factor is
0 =0.4, a typical value for multi-period maritime investment decisions.

6.1. Impact of Policy Uncertainty on Emission Reductions

(1) The relationship between 17 and A.

When the two carriers have the same market share (i.e,, « =0.5), the equilibrium
green strategies are shown in Figure 2.

Figure 2 shows that when the probability of stringent policy issuance is low, both
carriers tend to choose strategy L. This strategy has lower emission reduction but is
cheaper. However, when the probability of future stringent policy issuance is high, which
leads to stranded assets, both carriers choose strategy H. This strategy has higher emission
reduction but is more expensive. This reflects the importance of stringent policies in
guiding the green transformation of the shipping industry.

Wof——L—— 1~
Region I
0.8} g
(H. H) |
0.6 \
i Region II
(L L)
02+
oo —
0.0 0.2 04 0.6 0.8 1.0

n

Figure 2. The equilibrium of the green strategy (% =0-5).

When the probability of a stringent policy is moderate, both carriers will choose
strategy L when 77 is small, and when 7 is large, they will choose strategy H instead.
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In other words, carriers become more risk-averse, favoring strategy L, i.e., the strategy
with more stable operation costs. When carriers become more optimistic, they tend to
choose a strategy with variable operation costs but with greater emission reduction
potential.

The results in Figure 3 show that when the market share is asymmetric, both carriers
will choose strategy H when the probability of stranding due to a stringent policy is high.
When the probability of a stringent policies is moderate, the carrier with a larger market
share will choose strategy L, while the one with a smaller market share will choose
strategy H, i.e., they will adopt a differentiated strategy. When the probability of a
stringent policy is low, both carriers will choose strategy L. That is to say, market share
provides a certain buffer against stringent policies, and for the carrier with a smaller
market share, differentiation can avoid direct competition with the larger carrier. Market
share has an important influence on the choice of strategy.

(2) The relationship between A4 and ¢.

Figure 4 shows that when the probability of a stringent policy is low, regardless of
the uncertainty surrounding the operation costs of the strategy H (whether it rises or falls),
both carriers tend to adopt the low-cost, certain strategy L; whereas when the probability
of a stringent policy is high, both carriers tend to adopt strategy H. In other words,
compared to fluctuations in the unit operation costs of the high-emission reduction
strategy H, carriers’ choice of green strategy is more significantly influenced by stringent
policies. When the probability of a stringent policy is high, although the unit operation
cost of strategy H is subject to fluctuations, adopting strategy L would result in greater
losses due to stranded assets. Consequently, carriers tend to choose strategy H. When the
probability of a stringent policy is low, adopting strategy L is less likely to result in
stranded assets, and adopting strategy H carries the risk of rising unit operation cost. In
this case, carriers are more inclined to choose strategy L.

Figure 5 is similar to Figure 4, except that when the probability of a stringent policy
is moderate, the two carriers adopt differentiated strategies, with the carrier with the
larger market share tending to adopt a low emission reduction strategy. Only when the
probability of stringent policies being issued is high do the two carriers’ strategies
converge, with both adopting strategy H.

.........

) . . S

Region I
| Region IT |
0.6~ 1
&-
0.4} 1
Region IIT
02+ (L, L)
0.0 —
0.0 0.2 0.4 0.6 08 10

n

Figure 3. The equilibrium of the green strategy (o =0.6).
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Figure 4. The equilibrium of the green strategy (o =0.5).
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Figure 5. The equilibrium of the green strategy (o =0.6).

6.2. Impact of Carriers’ Risk Aversion

Figures 6 and 7 illustrate, respectively, how the risk-averse behavior of carriers
influences the strategic equilibrium in symmetric markets (& =0.5) and asymmetric
markets (a = 0.6). As shown in Figure 6, when the market shares of the two carriers are
equal, two strategic equilibria exist: (L, L) and (H, H). We find that when carriers are highly
risk-averse, they will only choose strategy H if the extent of cost fluctuations for strategy
H is small; otherwise, they will choose strategy L. Furthermore, as carriers’ risk aversion
decreases, they will gradually shift from favoring strategy L to favoring strategy H, even
though the extent of cost fluctuations for strategy H is larger. This is because a decrease in
carriers’ risk aversion increases their tolerance for the extent of cost fluctuations under
strategy H. Interestingly, Figure 7 presents entirely different results. Only when the
carriers are extremely risk-averse and the extent of unit operation cost fluctuations under
strategy H is extremely high do both carriers tend to adopt strategy L; otherwise, the two
carriers will adopt different strategies. Specifically, carrier A, with the larger market share,
adopts strategy L, whilst carrier B, with the smaller market share, adopts strategy H. In
this scenario, carrier A utilizes its larger market share to avoid the risk of cost increases.
Meanwhile, carrier B, with the smaller market share, gains a competitive advantage in the
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shipping market through a differentiated green strategy whilst avoiding direct
competition with carrier A.
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Figure 6. The equilibrium of the green strategy (a =0.5).
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Figure 7. The equilibrium of the green strategy (a =0.6).

6.3. Impact of Market Size

Figure 8 shows that market share divides the equilibrium strategy into symmetric
choices. Comparing Region II with Region III, it is clear that carriers with a larger market
share choose strategy L, whilst those with a smaller market share choose strategy H.
Taking carrier A’s larger market share as an example, Figure 9 shows that when carrier
A’s market share increases from 0.6 to 0.7, the equilibrium strategy (L, H) expands. In
contrast, the equilibrium strategies (L, L) and (H, H) shrink. From the perspective of the
industry, the scale effect brought about by the expansion of market demand enables
carrier A, even if it adopts strategy L, to attract price sensitive shippers through the low-
price strategy so as to maintain or expand the market share and consolidate the market
position. With the reduction of carrier B’s market share, if it adopts strategy L, carrier B
will face homogeneous competition and profit compression. Therefore, carrier B prefers
to adopt strategy H to attract shippers with high sensitivity to carbon emissions through
its high-emission reduction capability. Then, the two carriers can complement each other
and avoid direct competition.
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Figure 8. The equilibrium of the green strategy.
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Figure 9. Equilibrium changes when « increases from 0.6 to 0.7.

In addition, as the market share asymmetry widens, policy stringency will have less
impact on carriers’ strategy choices. Specifically, the differentiated equilibrium strategy
(L, H) gives way to the equilibrium strategy (L, L) and (H, H) when the market share of
carrier A expands further. In other words, the two carriers will adopt the equilibrium
strategy (L, L) only if the probability of a stringent policy is low, and they will adopt (H,
H) only if the probability of a stringent policy is high; otherwise, they will choose the
differentiated equilibrium strategy (L, H). The impact on the equilibrium region is
symmetric when the market share of carrier B increases.

6.4. Impact of Carbon Sensitivity of Shippers

In the green shipping market, an increase in shippers’ carbon sensitivity ( y
increases from 0.3 to 0.8) can lead to a greater preference for both carriers adopting
strategy H. As shown in Figure 10, when shippers’ carbon sensitivity increases, carriers
are more inclined to choose green strategy H. This means that carbon emission levels
become more important in shippers’ choice of shipping services. Consequently, reducing
carbon emissions becomes a key competitive factor for the two carriers. When shippers
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are more concerned about carbon emissions, carriers tend to choose green strategy H even
if the probability of a stringent policy is low.

e

Region I
(H, H) 1

Region IIT
(L. L)

0.2r

L o e s S TSRS S S 1)

n

Figure 10. Equilibrium changes when » increases from 0.3 to 0.8.

6.5. Impact of Carbon Price

The effect of carbon price on the equilibrium is smaller than that of other parameters
(e, y).AsshowninFigure 11, as the carbon price r increases from 0.2 to 0.8, the (L, L)
region tends to shrink. When the carbon price increases, carriers need to pay extra for
carbon emissions (e.g., EU carbon price, IMO carbon allowances), which leads to a
significant increase in the total cost of strategy L. As a result, even if the probability of the
a stringent policy is low, carriers will tend to choose strategy H in order to avoid carbon
costs.

1.0 - - :

0.8 H

0.6+
Region 111

(L, L)

0.2

0.0 i n n -
0.0 0.2 0.4

Figure 11. Equilibrium changes when r increases from 0.2 to 0.8.

6.6. Impact of Strategy L’s Operation Costs

In the model, the unit operation cost of strategy L (denoted by c") is treated as a
deterministic parameter. However, in practice, the price of LNG, the most representative
low-emission reduction strategy fuel, exhibits considerable volatility. As documented in
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recent industry reports, LNG price fluctuations can be substantial: the annual price
volatility in the Chinese LNG market reached 27% in 2024 and remained at 13% in 2025.
Geopolitical tensions, such as those in the Strait of Hormuz, have triggered weekly price
spikes exceeding 11%. These observations motivate us to examine how variations in ¢"
affect the equilibrium outcomes.

To this end, we conduct a sensitivity analysis by varying ¢ across a reasonable
range around its base value (¢" =0.3). Figure 12 and Figure 13 illustrate how the
equilibrium strategy regions shift as c¢* =03 changing. The key findings are
summarized as follows.

From Figure 12, we can see thatas ¢’ increases, the strategic equilibrium for carriers
gradually shifts from (L, L) to (H, H). This result is intuitive: the higher the operation costs
of strategy L, the weaker its cost advantage relative to strategy H, thereby making the
high-emission reduction strategy more competitive. Figure 13 demonstrates that carriers
with a larger market share are better able to absorb higher operation costs. Even when ¢"
rises, carriers may still adopt strategy L, whilst carriers with smaller market shares will
switch to strategy H to avoid a cost disadvantage. This suggests that market power acts
as a buffer against cost fluctuations, enabling dominant carriers to maintain their
preferred strategy, whilst smaller competitors are forced to adopt differentiated strategies.

These sensitivity analysis results confirm that the qualitative conclusions of our
paper remain valid even if the operation costs of strategy L change. Furthermore, these
results reveal an important practical implication: fluctuations in liquefied natural gas
(LNG) prices erode the cost advantage of low-emission strategies, thereby accelerating the
adoption of zero-emission technologies and prompting risk-averse shipping companies
to switch to strategy H. For policymakers, this suggests that measures to stabilize LNG
fuel prices, whilst beneficial for operational predictability, may inadvertently delay the
green transition by maintaining the cost attractiveness of low-emission reduction strategy
fuels such as LNG.
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Figure 12. The equilibrium of the green strategy (a =0.5).
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Figure 13. The equilibrium of the green strategy (a =0.6).

7. Extension

In the basic model, we assumed that the salvage value of strategy L assets is zero
when a stringent policy is enforced in period 2. While this simplification is common in
strategic game models under policy uncertainty, vessels rarely become completely
worthless in maritime economics. They may be sold to secondary markets (e.g., routes
with less stringent regulations) or scrapped for metal recycling. To examine the robustness
of our findings, we now relax this assumption by introducing a salvage rate ¢ €[0,1),

such that the recoverable value of the strategy L asset is @F" when a stringent policy
materializes. Consequently, the net upgrade cost from strategy L to strategy H under a
stringent policy becomes F” —pF" instead of F" in the basic case. When ¢ =0, our

model reduces to the original formulation.

To examine how the residual value rate affects the strategic equilibrium, we revisit
the utility differences that determine the carriers’ strategic choices. We illustrate this
difference using a numerical example that employs the same basic parameters as in
Section 6. Figures 14 and 15 compare the differences in the equilibrium region when the
market share is symmetric and asymmetric, respectively, as the residual value of strategy
L changes from 0 to 0.3. Intuitively, a higher residual value makes strategy L more
attractive ex ante, as carriers can recoup part of their initial investment even if strict
regulations come into force. Consequently, the equilibrium region where both carriers
choose strategy H shrinks, whilst the equilibrium region where both choose strategy L
expands. When market shares are asymmetric, a higher residual value also expands the
differentiated equilibrium regions (L, H) or (H, L), as the smaller carrier can utilize the
residual value as a “safety net” to adopt a low-cut strategy without bearing the full
downside risk of asset stranding.
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Figure 14. Equilibrium changes when ¢ increases from 0to 0.2 (a=0.5).
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Figure 15. Equilibrium changes when ¢ increases from 0to 0.2 (a=0.6).

By relaxing the assumption that the net residual value of stranded assets is zero, we
find that the results are essentially consistent with the baseline model, namely that policy
uncertainty, cost volatility, market share, and risk aversion collectively determine the
choice of green strategy. Furthermore, when designing stringent regulations,
policymakers should take into account the second-hand market value of vessels, as a
higher residual value may delay shipping companies’ voluntary transition to zero-
emission technologies.

8. Conclusions

This study contributes to the sustainability transition of the maritime industry by
focusing on shipping carriers’ green strategy choices under dual uncertainty risks. Dual
uncertainty risks are the stringency of future carbon emission reduction policies and the
operation cost volatility associated with high-emission reduction strategies (strategy H).
Strategy H achieves significant emission reductions but carries technology- or supply-
related cost risks (e.g., green methanol-fueled vessels, carbon capture devices). Strategy L
offers moderate abatement with no such risks (e.g., LNG-fueled vessels). Using a game-
theoretic model, the key findings of our research are as follows:
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Firstly, some counterintuitive results are derived. In a deterministic environment, a
high-cost strategy directly translates into a high price. However, under a lenient policy,
adopting strategy H does not always lead to a higher price than adopting strategy L.
Pricing is determined by a combination of market share advantages, differences in
operation costs, the cost of carbon emissions, and the negative effect of carbon emissions
on demand. Consequently, the carrier adopting strategy H does not necessarily set a
higher price than the competitor who adopts strategy L. These findings challenge
conventional wisdom and highlight the need for carriers to carefully evaluate their
competitive position when pursuing sustainability goals.

Secondly, there is a “Masking effect” of the probability of a stringent policy. When
the probability of a stringent policy is low, both carriers tend to choose the low-cost, risk-
free strategy L to avoid uncertainty-driven losses. In this case, cost volatility risks of
strategy H are “masked”: concerns about policy risk dominate over technological cost
fluctuations, leading to a wait-and-see, conservative approach. Only when the probability
of a stringent policy exceeds a certain threshold do the cost characteristics of strategy H
enter the decision-making scope. From a sustainability perspective, this masking effect
implies that weak or ambiguous policy signals can inadvertently lock the industry into a
low-ambition equilibrium, delaying the sustainability transition and increasing the long-
term costs of decarbonization.

Thirdly, the degree of cost volatility associated with strategy H is fundamental. When
volatility is low, both carriers may opt for strategy H, forming an ideal (H, H) strategic
equilibrium. When volatility is extremely high, both are forced to choose strategy L. Under
asymmetric market shares and moderate volatility, a differentiated equilibrium emerges:
the carrier with a higher market share prefers the lower-risk strategy L to maintain stable
returns, while the lower-share carrier may adopt strategy H to seek competitive
advantage. This reveals a “band effect” of cost risk. Finally, carriers’ risk-averse attitudes
have a decisive influence on strategic choices within a specific range. When the increase
in unit operation cost associated with strategy H is extreme (either very high or very low),
risk attitudes have no significant impact on the strategic equilibrium because economic
rationality far outweighs subjective risk preferences. However, when the cost increase is
moderate, carriers’ risk-averse attitudes become a key determinant: carriers with a lower
degree of risk aversion are more willing to adopt strategy H to pursue long-term gains,
while those with a higher degree of risk aversion tend to opt conservatively for strategy
L. An increase in the industry’s overall risk tolerance helps to reduce competitive pricing
in the green shipping market, which is advantageous for shippers. Moreover, the risk-
averse behavior of carriers adopting strategy H also significantly affects the freight rates
of their competitors who adopt strategy L.

To motivate most carriers to adopt high-emission reduction green strategies and
accelerate the green transformation of the shipping industry, we provide the following
important insights for relevant managers based on the above analyses:

For carriers, the probability of stringent policies and future cost uncertainty of
strategy H should be considered in green transitions. When the probability is high, carriers
should choose strategy H in period 1 to avoid double investment costs, even if operation
cost risks exist. When the probability is low, carriers can choose according to their risk
attitude. Proactive green strategy selection enhances long-term competitiveness and
contributes to the broader sustainability agenda by reducing the industry’s carbon
footprint.

For policymakers, sufficient subsidies for high-abatement green strategies could be
provided to help reduce investment costs or unit operation cost, making the (H, H)
equilibrium more attainable. In addition, policymakers may also consider phased policy
announcements or risk-sharing mechanisms such as guaranteed minimum carbon prices

https://doi.org/10.3390/su18136741


https://doi.org/10.3390/su18136741

Sustainability 2026, 18, 6741 32 of 45

or technology transition funds to reduce perceived policy uncertainty, especially when
the probability of a stringent policy is still low.

Based on the research findings and theoretical contributions of this paper, future
research could be further deepened and expanded in the following directions. Dynamic
game models could incorporate technological evolution (learning effects, cost curves,
technological lock-in). Firm heterogeneity (scale, financing capacity, ownership structure)
could also be introduced to examine differentiated responses to policy interventions.
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Appendix A.1. The Expressions of Parameters in Proposition 5
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(" p+M, 2 p)~2er |
@)
{5[MA FP( ver—ep)-Q@- )" +e—en,)| A-2)+5[M,~c"

(= p=P*)+ (B4 =, ~n)=20-n )] 2|+

1

T @-py

(M, —c" @)+ plct —en)|
@5y

(M= @=p- ) -e+ pe-pr+ )] Q-+ [ M, ="

(2= B)=2e(-n,)+ fell+f= B, —n,)] 2+
R=— s
@)
(M, ~c*@-p-p)-@+prer]

@-fy
[uieepop] o[y @ p- ) 260-m) + pelis fon, ) |
i (“4-p°y 4-p°y

R :ﬁ{r{m ~ (et e =)= 2ey+ flc +a—en)| (A-2)+8[ M, -

(== )B4 =, =n)=20-n, )] 2+

=

(M, ~ct@-p)+c" p-2er |
(4-p°)

(== ) 20(0=1,)+ folls f=n, = fn,)] 2]+
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R, =—(4_1ﬁz)2 5{[My + B ver—ep)-@- )" +e-omy) ] (1= 2)4[ M, "
(M, ~c" @)+ Pl —en)|
4-py

{[MB —t @) - e+ PYr(- B+ )| A-2)+[ M, ~c"

@-f- )+ B+ f-n, - Bny)-20-n,) | z}+
Ry :%5
4-5)
(M, ~c' @~~~ @+ Prer |
4-p°)

(2= p= )B4 =, fn)=20-m,) ] 2+

where M, =m(2a+f-af); My=m(2-2a+ap).

Appendix A.2. Proof of Proposition 1

Firstly, we analyze period 2. Since carriers A and B adopt strategy H in period 2 and
there is uncertainty regarding the unit operation cost of strategy H, we analyze the CVaR
for carriers A and B.

Let GfH(v):v-i-lE[min{(pAz—cf)qzle—v,O}] . Since it is assumed that ¢ is
n

uniformly distributed between [¢" —&,c" +¢], ie., the probability density is 1/2¢,

therefore,

My

=i [ 7 [(pa -0l vl (A1)

7] ¢ Pi—v/as

Then, CVaR'" (n,)= max G (v). The first-order condition on v for Equation (A1)

can be obtained as follows:
0G" (V) _ vHqip (<" —p,, te—2en)

A2
ov 2q' en (A2)
- - . . oG (v)
In addition, the second-order condition on v for Equation (A1) is 7
v
- HIH <0. Setting Equation (A2) to zero, we obtain
29,5 €N
V=—qp (" = p,+e-2en) (A3)
According to Equation (A1) and Equation (A3), we can derive

CVaR ' =[p,, =" —&(-n,)lg% (A4)

Similarly, the CVaR value for carrier B can be calculated as follows:
CVaR (' =[Py, =" —&(-1,)lgp’ (A5)

Substituting the demand functions into Equations (A4) and (A5), respectively, and
deriving the first-order conditions for p,, and p,,, respectively, we obtain

dCVaR"Y
&:am—i—ﬂplgz—zp“-i-cﬂ+5(1_77A) (A6)
dp,,
HH
dcjf;&z(l—a)m‘*ﬁpﬁ—2P32+CH+5(1_’73) (A7)
B2

d’CVaRY] d’CVaR})
dpjz dpéz

implies that CVaR"Y and CVaR}! are concave functions. Setting Equations (A6) and

Subject to the second-order conditions =-2<0, this

(A7) to zero and solving the system of equations yields the equilibrium price as
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ae_ mQa+ f—af)+c” 2+ B)+e2+ f-2n, - Bn,)
pAZ = 2
4-p

i _ mQ2-2a+af)+c" 2+ B +eQ+ - pn, —2n,)
4-p*

B2
Next, we calculate the equilibrium solution for period 1. The decisions and profits in

period 2 do not affect the equilibrium price and profit in period 1. Therefore, the objective
of carriers A and B in period 1 is to maximize profit. Solving the first-order conditions for
7 and ", respectively, yields

HH
dr

?Al =am—-2p,, +pBpy +c (A8)
d HH
&:(1—a)m+ﬂpAl—2pBl+cH (A9)
dpp,

2,__HH 2 _HH
dz, _d7my
2

dp’y, dp125’1

HH . .
and 7y are concave functions with respectto p, and p,, .

According to second-order conditions =-2<0,itimplies that 7}

Setting Equations (A8) and (A9) to zero and solving the system of equations yields
an equilibrium price of
= Qa+p-apym+c"(2+p)

Al 4_ﬁ2
e Q-2a+af)m—-c" 2+ p)
pm - 4_ﬂ2

Finally, the total utility for carrier A and B is
2
e OmCa=ap+ =" @) =260-n,)+ a0+ = p1, =) |
A=

O
[m@a+p-ap)-c"@-p-p)]
. —F
(4-p°)

e O[mC2avap) " @ p ) -2e0-n,)+ e+ -, )]
’ @-py
[m@-2a+ap)-c"@-p-p]

N _F

“4-p

Appendix A.3. Proof of Proposition 2

Firstly, we will analyze period 2. Since period 2 involves the introduction of new
emission reduction policies, we categorize these into stringent and lenient policies. We
therefore analyze each of these separately below.

(i) When carbon emission reduction policies are strict, carrier A must purchase new
green methanol fueled vessels (i.e., adopt strategy H). As in the scenario (H, H), the CVaR
functions for carriers A and B can be expressed as

CVaR7)' =[p,, —c" —e(-n,)lg," (A10)

CVaRj)' =[py, —c" —e(1-1,)lq5, (A11)

Substituting the demand functions into Equations (A10) and (A11), respectively, and
deriving the first-order conditions for p,, and p,,, respectively, we obtain
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dCVaR 4"

=am=2p, +Ppy, +c" +e(1-n,) (A12)
dap
dCVaR!
—32=(1—a)m+ﬂpA2—2sz+cH+g(1—773) (A13)
dpg,
d°CVaR*"  a’CvaR:)!
Based on the second-order conditions W _ Vo _ 5<p , this

dp, dpy,
implies that CVaR%]' and CVaR%)!" are concave functions. Setting Equations (A12) and

(A13) to zero and solving the system of equations yields the equilibrium price as
P mQ2a+f-ap)+c" 2+ f)+eQ+S-2n,— Biuy)

42 4—ﬁ2
LHT* m(2—2a+aﬂ)+cH(2+ﬁ)+5(2+/3—ﬁf7A—2773)
Pgy = 4 p

At this point, the CVaR values for the two carriers are

[m(2a—aﬂ+ﬂ)—cH (2—,3—,32)—28(1—77A)+ﬂ5(1+,3—ﬂ77A _UB):|2

CVaRYI" = ;
(4-#")

e | m@=2akap) =" (2= - B2)-26(1-m,)+ P+ f-n, —ﬂm;)]z
CVaR,, = 2
(+-7)

(ii) When carbon emission reduction policies are lenient, carrier A can maintain its
original strategy L. Similarly, carrier B’'s CVaR remains unchanged, whilst carrier A’s
CVaR is equal to its profit, that is,

7 =(pp—ct—re)gis’ (A14)
Carrier B’'s CVaR is
CVaRy)? =[py, =" —e(l-1,)lq5,° (A15)

Substituting the demand functions into Equations (A14) and (A15), respectively, and
deriving the first-order conditions for p,, and p,,, respectively, we obtain

d/Z'LH2 ;
dAZ =ma =2p, +Bpg, +¢ +e(r—}/) (Al6)
12973
dCVaR“"?
T“=(1—a)m+[)’pA2—2p32+cH+g(1—nB) (A17)
B2

d*r'h? _ d*CVaR %)
dpjz dpfn

that 747? and CVaR%4}? are concave functions. Setting Equations (A16) and (A17) to

Based on the second-order conditions =-2<0, this implies

zero and solving the system of equations yields the equilibrium price as
. m(2a+ﬁ—aﬂ)+2[c1“ +e(r—}/)J+,B(cH +e—eny,)
Pz =

A2 4_ﬂ2
e mQ2-2a+apf)+ | +e(r—y) |+ 2c" +&-eny)
B2 4—ﬂ2

At this point, the CVaR values for the two carriers are

- [m(Za +B—af)—(c" +er)2-p°)-2ey+ (" +e—en, )]2
i

” (“4-p°y
. [m@-2a+ap)+ plct ver—ep) -2~ pC" +e-emy)|
CVaRj, > = ey
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Next, we calculate the equilibrium solution for period 1. The decisions and profits in
period 2 do not affect the equilibrium price and profit in period 1. Therefore, the objective
of carriers A and B in period 1 is to maximize profit. By solving the first-order conditions

LH LH . . .
for 7, and 7z intermsof p, and p, , respectively, we obtain

dry’ .
— = =ma=2p, +fpy +c ey (A18)
dp
dﬂ_LH
—=m(l-a)+Bp,—2py +c" (A19)
dpy,
d27Z'LH d27Z'LH
From the second-order condition ——-=—"£=-2<0, it follows that 7z} and

2
dpy dpy
LH .
7y are concave functions of p, and py .

Setting Equations (Al18) and (A19) to zero, the system of equations yields an
equilibrium price of

P = m2a+ B —af)+ ﬂQCH +2(c" —ey)
4-p
e m(2-2a+aff)+ 2¢" + B(c" —ey)
Bl 4_ ﬂg
At this point, the utility of carriers A and B is
e [mQ@at poap)—ct@-p)+ pe’ ~2er |
. 4-py
e [m(2 —2a+af)-c"(2- )+ B(c" - ej/)J2
v 4-py
Assuming the discount factor is ¢, the sums of the utilities for carriers A and B in

the two periods are, respectively,

ULt = {[m(za +B—af)—(ct +er)2- ) —2ey+ (" + - 5773)]2 (1= 2)+[m

+

Qa+p-ap)—c" 2-B-p*)+e(B0+ - pn, —775,»)—2(1—77/;))]2 l}ﬁ5

(" prmQa+ p-ap)—c @) -2er |
(4-p°)
UL = {[m(z—za +af)+ B(ct +er—ep)—(2- )" + ‘9_8773)]2 (1-2)+[m

~-F"5A-F"

Q-2a+ap)-c"2-B-p)+e(B1+ -1, —ﬁng)—2(1—773))]2 ﬂ}mfﬂ

[m@-2atap)-c"Q-prepet-ep]
-5

Appendix A.4. Proof of Proposition 3

Since the scenario (H, L) is similar to the scenario (L, H), we omit its equilibrium proof
to save space. Therefore, we present only the equilibrium results.
(i) When policies are strict, the equilibrium outcome is as follows:
e mQa—f-af)+c" 2+ f)+eQ+ f-21, ~ fny)
A2 T 2
4-p
e m(2—2a+a,3)+cH(2+ﬂ)+g(2+ﬂ—ﬁ77A -21,)
Pgy = 4-p
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(m@a+p-ap)=c" @=p=p)+e[p+B=pn,—ny)-20-1,)]}

CVaR " = v
@-f)

e m@=2a+ap)-c" @~ p-p)+ [BU+ f-n, - Bny)-20-1,)]}
CVaRj, = a5y

(ii) When the policies are lenient, the equilibrium outcome is as follows:
e MR+ B—af)+ ,B[CL +e(r— 7)] +2(c" +e-en,)

A2 4_ﬁ2
o m(2—2a+aﬂ)+2[cL+e(r—7)]+,3(cH+€—577A)
B2 T 4- 5
e MR+ B=ap)+ B[t +etr=p) |- (2= )" +o- gm)}2
CVaR' ;" = >
(4-5)
e | m@-20+ap) - @~ +er)-2ep+ e ve—en,)]|
T @By

(iii) The equilibrium outcome for period 1 is as follows:
P = mQa+ B—apf)+2c" + p(c* —ey)

i Py
Lt m(2—2a+ap)+ fc’ +2(ct —ey)
Bl T 4—,32
e [m@a+-ap)-c" @~ ) +ct ey |
" “4-py
e [m(Z—Za+aﬁ)—cL(2—ﬁ2)+cHﬁ—2e}/]2
o @-py

The final total utility is as follows:
* 2
Ut :{[m(2a+ﬁ—a,3)+ﬂ(cL +er—ey)—(2-B)c" +8—87]A):| (A-2)+[m

Qa-af+p)-c"(2-p-p*)-2e(1-n,)+ Pe(l+ B- B, —773)]2 ﬂ}ﬁ+

[nCatp-ap-c"@-prpet-en]
(4-p°)
Uit = {[m(2—2a+aﬁ)—(cL +er)(2—B%)—2ey + p(c” +‘¢:—¢977A)J2 (l—ﬂ)+[m

., , 2 )
22 —cf@2-p-p)-2e(1-1, W B=n=PBny) | A—— 57
2-2a+apf)-c" 2-p-p")-2e(1-n,)+ Pe(l+ -1 ﬂﬂ)} }(4_13)
[me-2arap-co-pyrctporg]

(4-p°y
O

Appendix A.5. Proof of Proposition 4

In order to save space, we omit the proof of the equilibrium and present only the
equilibrium results.
(i) When the policies are strict, the equilibrium outcome is as follows:
e _mQa+f-ap)+c 2+ ) +eQ+S-2n, - fny)
Pp = 4 p
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e _m2=2a+af)+c" 2+ ) +eQ+f-fn,—21,)

Py = 4—ﬁ2
e (mQa p-ap)—c" @ p- )+ e[ U+ P —n)-20-n)])
CVaR; = (4—ﬁ2)2

o (m@-2atap)-" @ p- ) +e[ B+ Bn, - pu,)-20-n,)])
CVaR,, = (4—,32)2

(if) When the policies are lenient, the equilibrium outcome is as follows:
o _mQa+p-af)+ct 2+ f)+e2+B)r—y)

Py = 4-p
e mQ2=2a+af)+c" Q2+ p)+e2+ B —y)
Ppry = 2
4-p
e _{mQat poap) e Q- )+ - paslf
" 4=y
e _ {m(2—2a+aﬂ)—cL(2—ﬁ—,Bz)—e(2+ﬂ)[r(l—ﬂ)+7]}z
" 4-py

(iii) The equilibrium outcome for period 1 is as follows:
e _mQ2a+p—ap)+(c —ey)2+f)

a = 4- 5
e m(2—2a+aﬂ)+(cL —ey)2+ )
Py = 4—ﬂ2
e [m@a+p-ap)—ct@-p-p)-@+Brer|
B @-p)
e [ 2arap) @ p - Prer |
" “4-py

The final total utility is as follows:

Ut ={[mQa+ p-ap)-ct @ -2+ BXrU-F)+7)] (=2)+[m

2 o
2 —ap)-c"@2-p-p 1+8-Bn,-n,)-20-n,)| 2 —
Qa+p-ap)-c"@2-p-p)+e(BU+B-pn,~n,)-2(1-1,)] }(4_ﬂ)

[m(2a+ﬁ—aﬂ)—cL(Z—ﬂ—ﬂz)—(2+ﬂ)€7]2 " .
n - ~-F"SA-F
4-5)
UL :{[m(z_za+aﬂ)_CL(2_ﬂ_ﬂ2)_e(2+ﬂ)(r(]—ﬂ)+}/):|2 (A=2)+[m

@-2a+ap)—c" @~ F)+ (PU+ B, ) ~20-1,) ] ﬂ} (4_552)2

Lre-2arap-cte-pop-eipe] o

4=y

]

Appendix A.6. Proof of Corollary 1
The first-order conditions of the equilibrium prices with respect to N, ¢,and 7 are

obtained as follows:
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i _dpy” _ (24 P)e

(i) In scenario (H, H), <0. In scenario (H, L) or (L, H),

dn. dy 4-p
deLl* dpglle* __(2+ﬂ)8 § 0 deLZ* - 28 <O deLZ* - ﬂg <0 dpLHl* -
dp  dp o 4-p T dp 4-p T dp 4-p T dp
LH1* 2+ & LH2* LH2*
d[;BZ :_<4 f}z <0, dpd :—48’3ﬂz<0, d[:i :—42‘;2<0.In scenario (L, L),
n - n - n -
dpLLl* dpéél* _ (2+,B)
dn dn 4-p
HH HH*
(if) In scenario (H, H), PP 171 o 1 cenario (H, 1) or (I, H),
de de 2-p
i _dpy” _1-n o i _2(-m) o dpp”  pA(en) o dpl”
de ds 2-p " de 43 " de 4 " de
dpH” LH2* 1- LH2* o (]_
pd ; ’/73 >0, dp(;z :ﬁ;( /;27)>0 , dp(;” = 4( ,BZ)>O. In scenario (L, L),
£ £ - & -
LL1* LL1*
dp, _ _d _ l-n 20
de de 2-4
deH* d HH* d HL*
(iii) In scenario (H, H), 1 —d——O In scenario (H, L) or (L, H),
Y Y
HL* HL2* HL2* LH*
- i’B2<O, W _ fez<0, o™ __ iﬂ2<0, WPn” __ Eez<0, d
4-p dy 4-p dy 4-p dy 4-p dy
LH* LH2* LH?2*
_ 2ez<0, del —_ eﬁ2<0, dpA2 - _ 2ez<0, deZ —_ eﬂ2<0‘ Il’l
4-p dy 4-p dy 4-p dy 4-p4
scenario (L, 1), Pa_ -9’ __eQ+B) o dpi” _dpm” _ eQ+p)
oAy Ty Ty 4-p

]

Appendix A.7. Proof of Corollary 2

(i) In period 1, assuming competitors’ strategies remain unchanged, the difference
between the equilibrium price when the carrier adopts strategy H and the equilibrium
price when it adopts strategy L is as follows:

HH* LH* HL* LL* HH* HL* LH* LL* 2 (CH B CL + e}/)
Pa —Pu =Pa —Psa =Pp —Pp = Pp ~—Pam =—2>0
4-p

(ii) In period 2, given that the policies are stringent and competitors’ strategies remain
unchanged, the carrier must adopt strategy H, at which point there is no price differential.

(iii) In period 2, assuming that the policies are lenient and competitors’ strategies
remain unchanged, the relationship between the equilibrium price for carrier adopting
strategy H and the equilibrium price for carrier adopting strategy L is as follows:

Z(CH—CL—€V+67+8—S17)

I = =l e = il < T
-p
2(c” —ct —er+ey+e—en
Let f,(1)= ( > ) . Then, because of ¢>0, B<1,and LA
4-p dn
2¢

——4 ﬂ2 <0, fi(n) is monotonically decreasing in the interval. Setting f,(77) =0 yields
' —cl—er+ey+e¢
n = . There are three scenarios:
£
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When 7, <0, ie, e<ég =—(c" —c" —er+ey), since f,(n)=0 and f(y) is strictly

decreasing, then f(7)<0 between the interval 7 <€(0,1) . Therefore, p S p .

HL2* LL2* HH* HL2* LH2* Lo+ . B2 L2 iH2* L2
Py <Pa s Pp <Pp ,and pp” <pp”ie, pp <pl, P <Pp -

When 0<7 <1 , ie, g<& and c”"-c'—er+tey<0 , since f(7) is a
monotonically decreasing function of 77, f(7) is positive on the interval 7<(0,7,).

H L
. ¢ —C —ertey HH* LH2* HL2* LL2*
When n<n , ie, &>¢ = _T , then  p >pp® . P > P

HH* HL2* LH2* LL2* . Hj2* Lj2* iH2* iL2* . .
Py > DPp- , and pg, " > pgs , e, pyy >pl, D >Ps - fi(n) is negative

' —ct —er+ey

within the interval 7ne(n,l) . When n>n , ie, &<¢ =- . , then
-n
HH* LH2* HL2* LL2* HH* HL2* LH2* )% Hj2* Lj2*
P <Pa + Pa <Pa + DPg <Pp , and pp~ <pg  , ie, p, <ph ,
iH2* iL2*
Ppy <DPp -

Note that since £¢>0 and 0<7n <1, we have 1-7>0. Furthermore, we obtain

& <&,.In summary, when ¢’ —c¢" —er+ey<0 and &>¢,, we have p?7*" > p“”" and

iH 2 iL2* H L Hj* Lj2¥ iH*
Dy > Py ;when ¢’ —c” —er+ey <0 and ¢ <e<e,, wehave p; <p/ and pj, <
iL2*

B2 |

When 7, >1, ie, ¢’ —c"—er+ey>0, since f(n) is monotonically decreasing of
n, it holds that f(7)>0 within the interval 7 €(0,1) . Therefore, p’’* > P and

42
iH2* iL2*
Ppy > Ppr -

O

Appendix A.8. Proof of Corollary 3

The proof is similar to that in Appendix A.6, and it is omitted here to save space. o

Appendix A.9. Proof of Corollary 4

dg's" _dgi _(2-B(1+5))e

i) In scenario (H, H), = > 0. Inscenario (H, L) or (L, H),
(i) (H, H) an an Py (H, L) or (L, H)
* * * _ 2 *
as_age (-pep)e o dgnr _(2F)e et pe
dp  dy 4-p Codp 4-p oAy a-pr
* * * * 2
adgl _dgitt (2-p0P))e o dgT  ep o dgi (228
- - 2 ’ - 2 4 - 2 '
dz dn 4-p dn 4-p dn 4-p
LL1* LL1* 2_ 1+ &
scenario (L, L), 9 :dq"”2 =( 'B( 2ﬂ)> >0
dn dn 4-p
dgiy” _dgyy” _ (1-p)(1-n)
(i) In scenario (H, H), ——=—"82_=— <0 .Inscenario (H, L) or (L, H),
de de 2-p
* * # _ 2 _ *
as" _dgl  (1=p)i-m) _ dai_ (2F)(0on) odglt pO-n)
de de 2-4 " de 45 " ode 4
W (A0 g pln) i
’ de de 2-p ’ de 4-p° ’ de
2-4°)(1-n da™t™  dgtt 1— 1—
—<—)2)<O.Inscenario(L,L), 9o _ s =—( 'B)( 77)<0.
4-p de de 2-p
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HL* HL*
(iii) In scenario (H, L) or (L, H), Y - o Y _ 2 _,.
dy 4-pB dy 4-p
dgis” iﬂ2<0, dgg” _2e2<0, dgi”™ fe2<0; gz _ iﬂ2<0’
dy 4-p dy 4-p dy 4-p dy 4-p
d LH2* d LH2* d LL* d LL*
9o _ _ 2ez<0; Ts2  __ eﬂ2<0.lnscenario(L,L), In__ o :—e(2+’f)
dy 4-p dy 4-p dy  dy 4-p
LL2* LL2*
<0, dg,, =d432 =—e(2+€)<0.|]
dy dy 4-p

Appendix A.10. Proof of Proposition 5

(i) When carrier B chooses strategy H.
If UM > UM, carrier A chooses strategy H; otherwise, they will choose strategy L.

Then, we can determine a threshold and the following conditions.
When carrier B chooses strategy H and if F* - F”(1-82) > R, — R, carrier A chooses

strategy H; otherwise, strategy L is chosen, where

[m@a+p—ap)—c"@-p-p]
R = 5 +
4=
s[m@a-ap+p)-c" @) -260-n,)+ pe(l+ -, ~1,) |
@-p)
R, ={[mQa+ f-ap)—(c* +er)a—f)-2ep + (e ve—eny)| (1-2)+[m
_9d
4-py

Qa+f-af)~c" 2~ f- )+ e+ f- P, ~1,)-20-n,) ] A}

(" p+ma+f—ap)~c' @~ ) ~2er |
’ (-5
(ii) When carrier B chooses strategy L.
If U™ >U", carrier A chooses strategy H; otherwise, strategy L is chosen. Then we

can determine a threshold and the following conditions.

When carrier B decides to adopt strategy L and if F"—F"(1-64) > R, - R, carrier A
chooses strategy H; otherwise, strategy L is chosen, where

R, ={[m2a+ p-ap)+ B +er—ep)- 2~ B +e—en,)] (1-2)+[m

2 o
Qa-ap+f)-c" @~ f)-26(-1,)+ fe(l+ S~ f,~11,)] ﬂ}m
[m@a+ f-ap)-c" @)+ pct ~ep)|
+
-y
2

R, ={[mQa+ f-ap)-c' @~ - F)-e@+ fYr(-B)+ )] (-2)+[m
9
“4-py

Qa+f-ap)-c" 2= p-f)+ B+ p =, =) ~20-n)] 2|

[m@a+p-ap)-ct@-p-p)-@+Brer|
O
(iii) When carrier A chooses strategy H.
Similarly, when carrier A chooses strategy H and if F* —F" (1-54) > R, — Ry, carrier

B chooses strategy H; otherwise, strategy L is chosen, where

+
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[m@2-2a+ap)-c"@-p-p)] .

i 4=y
s[m@-2a+ap)-c" @ p-F)-260-n,)+ fe(i+ f-1,~ ) |
@-p
R6:{[m(2—2a+aﬂ)—(cL+er)(2—ﬂ2)—2e}/+,3(cH+5—£77A)]2(1—/1)+[m

2 o
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(iv) When carrier A chooses strategy L.
Similarly, when carrier A decides to adopt strategy L and if F*—~F"(1-51)> R, - R,
, carrier B chooses strategy H; otherwise, strategy L is chosen, where
2
R, = {[m(2—2a+aﬂ)+ﬁ(cL +er—ey)—(2- )" +5—£773)J (1—/1)+[m
_ %
“4-py

Q-2a+af)-c"2-B-p)+e(pl+p-n, —ﬂﬂg)—Z(l—UB))T ,1}
[m2-2a+ap)=c" Q=)+’ —en)]

-5
R = {[m2-2a+ap) '@~ - ) -e+ P-4 )] (-4

+

2-2a+af)—c" Q- ) +e(BU+ f-n, ~Bny)-21-1,) | z}ﬁ
[m@-2a+ap)-c@-p-p)-@+Bler|
(4-p*
The following are concluded from the comparison of subgames:
Given that carrier B adopts strategy H, carrier A chooses strategy H if and only if
F*—=F"(1-82) > R, — R, ; given that carrier A adopts strategy H, carrier B chooses strategy

+

H if and only if F*—F"(1-61)> R, - R;. Then, the optimal strategy combination is (H,
H)when F"-F"(1-62)>max{R, —R,R, —R}.

Given that carrier B chooses strategy L, carrier A chooses strategy H if and only if
F' -~ F"(1-64) > R, - R, ; given that carrier A adopts strategy H, carrier B chooses strategy
L if and only if F'—F"(1-62)<R,-R, . Then, when F"-F"(1-61)>R,-R, and
F' —F"(1-62) < R, — Ry, the optimal strategy combination is (H, L).

Given that carrier B adopts strategy H, if and only if F*—F"(1-81) <R, - R,, carrier
A chooses strategy L; given that carrier A adopts strategy L, if and only if
Fr=F"(1-80)> R -k, , carrier B chooses strategy H. Then, when F*-F"(1-32)
<R,—-R and F'-F"(1-81)> R, - R,, the optimal strategy combination is (L, H).

Given that carrier B adopts strategy L, carrier A chooses strategy L if and only if
F* —F"(1-62) <R, - R, ; given that carrier A adopts strategy L, carrier B chooses strategy
Lif and only if F"—F"(1-61) <R, —R, . Then, the optimal strategy combination is (L, L)
when F'—F"(1-62)<min{R, - R,,R,—R,}. O
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