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The adoption of green fuels in the shipping industry serves as a primary means to
reduce carbon emissions. However, its widespread implementation faces
coordination challenges among government, port, and marine fuel supplier.
This paper develops a marine fuel supply chain model comprising government,
port, marine green and conventional fuel suppliers, comparatively analyzing the
decision-making effects of various entities in the marine fuel supply chain under
non-cooperative fuel suppliers without government participation, cooperative
fuel suppliers without government participation, non-cooperative fuel suppliers
with government participation, and cooperative fuel suppliers with government
participation four different models. The paper primarily examines key
performance indicators including government expenditure, port profit, and the
aggregate profits of the two marine fuel suppliers. The findings demonstrate that:
carbon tax can effectively boost the sales of green marine fuel, marine fuel
suppliers collaboration significantly reduces government expenditure; and
increased substitutability between green and conventional marine fuels leads
to rising trends in government expenditure, port profit, and total marine fuel
supplier profit.

KEYWORDS

carbon tax, green marine fuel, substitution effects, government, marine fuel
supply chain

1 Introduction

Global shipping serves as a critical pillar of international trade, facilitating approximately
80% of global merchandise transport (Xu et al., 2025a; Zhu et al, 2025). However, its
environmental externalities have become increasingly pronounced. According to
International Maritime Organization data, the sector emits 1 billion tuns of carbon
annually, accounting for 3% of global greenhouse gas emissions (Zou et al., 2025). The
World Bank warns that without effective mitigation measures, maritime emissions could
increase by 50-250% by 2050, severely jeopardizing the Paris Agreement’s 1.5°C warming
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limit (Li et al., 2023a; Gan et al., 2025a). In response, the international
community is accelerating maritime decarbonization. International
Energy Agency projections indicate that zero-carbon fuels must
constitute 15% of marine energy use by 2030 to achieve net-zero
emissions by 2050 (Parris et al., 2024). The timeline of IMO’s carbon
emission reduction strategy is shown in Figure 1.

The maritime industry is witnessing a paradigm shift in fuel
diversification, driven by decarbonization imperatives (Wang et al,
2025; Xie and Zhou, 2025). Among transitional alternatives, liquefied
natural gas (LNG) has achieved the most extensive commercialization
to date, owing to its established bunkering infrastructure. However, as a
hydrocarbon fuel, LNG demonstrates limited environmental efficacy,
providing merely 20-30% lifecycle carbon emission reductions relative
to conventional marine fuels (McKinlay et al., 2021; Duan et al., 2025).
In the pursuit of genuine carbon neutrality, hydrogen, ammonia, and
battery-electric systems have emerged as technologically viable
pathways. Hydrogen fuel cell technology has reached operational
maturity in short-sea applications. Nevertheless, scalability
constraints persist, particularly concerning volumetric energy density
and the nascent state of hydrogen distribution networks. Ammonia
presents compelling advantages for deep-sea decarbonization,
combining favorable energy density with manageable storage
parameters (Evrin and Dincer, 2019). However, its adoption is
complicated by toxicity concerns and suboptimal combustion
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characteristics, exhibiting 10-15% lower thermal efficiency than
marine diesel (Xu et al., 2025b). Green methanol has gained
prominence due to its exceptional environmental performance,
delivering 75-85% lower lifecycle carbon intensity versus
conventional fuels while virtually eliminating sulfur emissions (99%
reduction) and substantially mitigating nitrogen oxides (80%
reduction) (Zamboni et al, 2024; Gan et al, 2025b). This synthetic
fuel further benefits from practical handling advantages as a room-
temperature liquid, presenting a compelling balance between
sustainability and operational feasibility.

The energy transition in maritime shipping will exhibit
protracted transitional characteristics, with emerging green fuels
and conventional marine fuels likely to coexist and compete for an
extended period. According to International Energy Agency
projections, this competitive landscape may persist until 2040 or
beyond, fundamentally attributable to the gradual maturation of
technologies, cost competitiveness, infrastructure development, and
policy implementation (Park and Choi, 2025). The international
regulatory framework is accelerating this transition process. Policy
instruments such as the International Maritime Organization’s
Carbon Intensity Indicator and the European Union’s Emissions
Trading System are progressively driving the adoption of cleaner
energy solutions through increasingly stringent environmental
standards (Xiao et al., 2025). However, it is noteworthy that these
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FIGURE 1
IMO carbon reduction strategy development timeline
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policies generally adopt phased implementation strategies (e.g.,
IMO’s 40% emission reduction target by 2030), which inherently
provide a transitional buffer for conventional fuels. Within this
context, conventional fuels continue to maintain regulatory
compliance during the transition period through various
mitigation approaches, including biofuel blending, carbon
capture, utilization, and storage retrofits, and switching to lower-
carbon alternatives such as LNG. Moreover, regional disparities in
policy enforcement further decelerate the phase-out of conventional
fuels (Shi et al., 2018). The stringent zero-emission vessel mandates
implemented in Nordic countries stand in stark contrast to the
relatively lenient regulatory standards in some developing
economies. This regional policy divergence, coupled with the
incremental improvement in techno-economic viability, has
fostered a dynamic competitive equilibrium between green and
conventional fuels—a seesaw battle shaped by evolving regulatory
frameworks (Xu and Chen, 2025). The transition pathway is
consequently characterized by gradual displacement rather than
abrupt substitution, with the pace of change contingent upon
localized regulatory pressures and technological advancements.

Therefore, an in-depth investigation into the competitive
dynamics between marine green and conventional fuels carries
significant practical implications. This research not only provides
scientific foundations for policymakers to formulate emission
reduction strategies and optimize decarbonization pathways, but
also enables shipping companies and fuel suppliers to develop more
forward-looking business strategies, thereby mitigating investment
risks during the transition period. The research framework of this
paper is structured as follows: Section 1 elaborates on the research
background and conducts a systematic literature review. Section 2
develops a tripartite decision-making model for marine fuel supply
chains involving port, marine green and conventional fuel suppliers,
and government, with particular focus on analyzing the game-
theoretic interactions under horizontal integration scenarios among
fuel suppliers. Section 3 performs numerical simulations and
empirical analyses based on the established model. Finally,
Section 4 synthesizes the key findings and proposes potential
directions for future research.

2 Literature review

We focus on the decision-making optimization for government,
port, and marine fuel supplier regarding the substitutability of green
and conventional marine fuels in the marine fuel supply chain.
Accordingly, this section reviews the following three categories
of literature.

2.1 Comparison between green and
conventional marine fuels

Adachi et al. (2014) conducted an economic comparison between

LNG-fueled low-speed diesel engines and conventional fuels for
container ships on the Asia-Europe route, demonstrating that
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LNG-powered vessels exhibit superior net present value and a
shorter investment payback period over a 20-year timeframe. Hua
et al. (2017) performed a life cycle assessment revealing that
substituting heavy fuel oil with LNG in maritime transport leads to
substantial reductions in SO, (99.8%), PM;, (97.5%), and NOx
(38-39%) emissions. However, the greenhouse gas mitigation effect
remains limited due to methane slip. Percic et al. (2022) employed life
cycle assessment and cost analysis to evaluate green ammonia fuel
cells, finding an 84% reduction in carbon emissions compared to
conventional diesel systems, albeit at higher costs. Blue ammonia fuel
cells showed better cost-effectiveness but remained 27-43% more
expensive than diesel alternatives. Lagemann et al. (2022) developed a
dual-objective optimization model, identifying LNG as a viable
transitional solution for near-term emission reductions, while
ammonia emerges as a more suitable option for long-term
decarbonization. Their study highlights the critical influence of
carbon pricing and biofuel availability on optimal emission
reduction pathways. Law et al. (2022) established a green fuel
assessment framework for ships, ranking biodiesel highest in
overall performance. Their analysis indicated hydrogen/ammonia
fuel costs at 3-4 times conventional fuel prices, with electric vessels
facing frequent energy replenishment challenges. Li et al. (2023b)
systematically assessed the feasibility of LNG-fueled ships in the
Yangtze River Basin through integrated economic and emission
models, addressing the transformation needs of inland waterway
transport. Zhang et al. (2023) proposed a two-stage optimization
model incorporating navigation load characteristics and spatial
constraints, comprehensively evaluating alternative fuels (hydrogen,
ammonia, methanol, and natural gas) for large cruise ship
applications. McKinlay et al. (2024) developed ship-type-specific
energy technology models, including fuel cells, and successfully
applied them to dynamic simulations of marine energy systems. Tu
et al. (2024) employed marginal abatement cost methodology to
construct an emission reduction assessment model for shipping.
Their quantitative analysis revealed significant cost-benefit
variations between energy efficiency technologies and alternative
fuel adoption, emphasizing the substantial impact of fuel price
volatility and carbon pricing mechanisms on emission reduction
economics. Sagin et al. (2025) demonstrated that blending 10-30%
biodiesel with marine diesel effectively reduces pollutant emissions,
achieving NOx reductions of 11.2-27.1% and CO, reductions of
5.3-19.5%, thereby validating biofuel blends as a feasible approach for
improving shipping’s environmental performance.

2.2 The government's role in green marine
fuel

Wan et al. (2018) pioneered the development of the Strategic
Regulatory Economic Technological Infrastructure evaluation model,
employing an analytic hierarchy process (AHP) method to
quantitatively assess the LNG-fueled vessel development levels
across nations. Their empirical findings revealed Norway’s
significant lead over the United States and China in LNG maritime
applications. Mikitie et al. (2022) conducted a comprehensive survey
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of 281 Norwegian shipowners, identifying a distinct adoption pattern:
larger, more established operators tended to embrace alternative fuels
to fulfill contractual obligations, while small and medium-sized
enterprises demonstrated relatively slower transition rates. Through
principal-agent theory analysis, Monios and Fedi (2023) attributed
the EU’s LNG transition policy shortcomings to incentive
misalignment within multi-level governance structures, resulting in
policy instability. Their study advocates for more collaborative
regulatory frameworks to facilitate future alternative fuel adoption,
particularly hydrogen. Jeong and Yun (2023) employed stochastic
model evaluation to demonstrate LNG’s superior economic viability
compared to conventional low-sulfur oil under carbon pricing
mechanisms, while highlighting ammonia’s dependence on
supplementary policies due to cost barriers and technological
uncertainties. Carlisle et al. (2024) adopted a mixed-methods
approach to investigate UK public perceptions of marine
alternative fuels, revealing strongest support for biofuels and
hydrogen, neutral acceptance of LNG, and marked opposition to
ammonia-based solutions. Inal (2024) critically examined current
international standards, noting their predominant LNG focus and
inadequate coverage of hydrogen’s unique safety considerations,
particularly concerning cryogenic storage and flammability risks.
Latapi et al. (2024) utilized the TIMES-NEU model to demonstrate
that phased carbon and fossil fuel taxation could enable complete
methanol transition by 2040, while emphasizing the necessity of
mandatory bans to achieve full ammonia adoption by 2050. Wang
et al. (2024) evaluated China’s maritime safety management system
for alternative fuel vessels, acknowledging the effectiveness of the
existing “legislation-policy-industry standards” tripartite framework
while identifying needs for enhanced regulatory mechanisms and
international cooperation. Cao et al. (2025) demonstrated that
optimized vessel design parameters combined with green hydrogen
utilization could achieve cost parity with conventional shipping
solutions. Barone et al. (2025) employed dynamic energy
simulation tools to advocate for government-led initiatives
promoting fossil-to-bio methanol/LNG conversion through tax
incentives and multi-generation system design. Kumar et al. (2025)
conducted Baltic Sea emission simulations, confirming LNG’s 99%
particulate matter reduction capability while highlighting persistent
methane slip issues requiring targeted policy interventions. Li et al.
(2025) underscored governments’ pivotal role in establishing
alternative marine fuel supply chains during shipping’s early
decarbonization phase.

2.3 Collaboration on green marine fuel
supply chain

Jiao and Wang (2021) employed game theory to compare two
emission reduction strategies - shore power and low-sulfur oil. Their
analysis revealed that carbon pricing thresholds critically determine
shipping companies’ strategic preferences, with empirical validation
conducted using Shenzhen Port as a case study. Shang et al. (2024)
examined the optimization effects of government subsidies on green
shipping supply chains from the perspective of shippers’
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environmental preferences. Their findings demonstrated that
shipper-targeted subsidy policies can substantially enhance
shipping companies’ propensity to invest in alternative fuels.
Through an investigation of digital transformation in shipping, Xue
and Lai (2024) identified collaborative models between shipping
firms and technology providers as key drivers for green innovation
within the industry. Their research highlighted the synergistic
potential of such partnerships in advancing sustainable maritime
technologies. Fullonton et al. (2025) emphasized the necessity of
multi-stakeholder collaboration among governments, enterprises,
and supply chain actors to facilitate green ammonia adoption in
shipping. Their study outlined three critical intervention areas:
infrastructure investment, technical standardization, and incentive
policy design, proposing these as essential components for mitigating
market risks and achieving industry-wide coordination. Zhang et al.
(2025) demonstrated that shipper-targeted subsidy models yield the
most pronounced corporate social responsibility (CSR) investment
effects in shipping companies. Their analysis revealed that moderate
CSR investments can simultaneously enhance both economic
performance and environmental outcomes within shipping
supply chains.

The current literature exhibits several significant limitations in
examining the interplay between green and conventional marine
fuels and their respective roles within supply chains. First, while
numerous studies (e.g., Adachi et al., 2014; Hua et al., 2017) have
evaluated the economic or environmental merits of individual fuel
types, they fail to provide a systematic analysis of fuel substitution
dynamics. This oversight neglects the competitive and
complementary relationships between alternative energy sources
in maritime applications. Second, although some scholars (e.g.,
Jeong and Yun, 2023) have investigated policy instruments’
influence, their analyses inadequately address how demand-side
factors—such as shipper preferences or charterer requirements—
moderate fuel substitution patterns. This represents a critical blind
spot, as end-user behavior fundamentally shapes adoption
pathways. Third, discussions of supply chain collaboration (e.g.,
Fullonton et al,, 2025) remain largely theoretical, lacking
operational models to capture the strategic interactions among
key stakeholders—particularly the tripartite game-theoretic
relationships between marine fuel suppliers, ports, and
government. To address these gaps, this paper constructs a
marine fuel supply chain game-theoretic model incorporating the
elasticity of marine fuel substitution. By optimizing the marine fuel
supply chain based on demand substitution characteristics, it
enables government to design differentiated carbon tax-subsidy
schemes and guides port and marine fuel suppliers in formulating
more forward-looking fuel investment strategies.

3 Model construction
3.1 Problem description

We constructed a three-level marine fuel supply chain
optimization model consisting of government, port, and marine
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fuel suppliers. In this model, the roles and decision-making order of
each subject are as follows: the government, as the top-level
decision-maker, is responsible for formulating carbon tax and
green fuel subsidy; As an intermediate link, marine fuel suppliers
focus on the production and supply of green and conventional fuels,
while ports act as bottom tier executors responsible for the sales of
green and conventional fuels for ships. The Stackelberg game
framework is used for decision-making interaction among various
entities, and the decision-making order follows the hierarchical
structure of government —marine fuel suppliers — port. Based on
this model framework, we propose the following basic assumptions:

1. Single-type green fuel consideration.
2. Perfect rationality of all decision-making entities.
3. Complete information symmetry among stakeholders.

The parameters, variables, and corresponding descriptions are
shown below.

Parameter.

q;: Demand for conventional marine fuel.

q,: Demand for green marine fuel.

7,: The profit of the port.

7,,: The profit of the marine fuel supplier.

7,: The expenditure of government.

¢;: Production cost of conventional marine fuel.

¢: Production cost of green marine fuel.

7: Carbon emissions per unit of conventional fuel.

B: Port carbon emission cap.

T: Non-cooperative marine fuel suppliers without
government participation.

H: Cooperative marine fuel suppliers without
government participation.

GT: Non-cooperative marine fuel suppliers with
government participation.

GH: Cooperative marine fuel suppliers with
government participation.

Variable.

p1: Retail price of conventional marine fuel.

P2 Retail price of green marine fuel.

w;: Wholesale price of conventional marine fuel.

w,: Wholesale price of green marine fuel.

s: Per-unit subsidy for green marine fuel.

7: Carbon tax rate per unit of emissions.

10.3389/fmars.2025.1668875

3.2 Non-cooperative model

The three-level marine fuel supply chain consisting of the
government, port, and marine fuel suppliers is illustrated
in Figure 2.

There exists a competitive relationship between marine
conventional and green fuels. The demand for conventional fuel is
inversely proportional to its own retail price but positively correlated
with the price of green fuel. Similarly, the demand for green fuel
follows the same pattern, exhibiting an inverse relationship with its
own price and a positive relationship with conventional fuel prices.
The specific calculation formulas of demands for marine
conventional and green fuels are shown in Equations 1 and 2.

G =a; = bip; +cp, (1)

@

a, and a, denote the market scales of conventional marine fuel

G = a = byp, +cpy

and green marine fuel respectively; b; and b, represent the price
sensitivity coefficients of each fuel’s own demand; while ¢ indicates
the cross-price elasticity coefficient between the two fuels’ demands.
The port profit is calculated as shown in Equation 3.

7, = q(py — w1) + (P2 — w1) + N(B - 7q) 3)

q1(py — w;) represents the sales revenue from conventional
marine fuel, while g,(p, —w,) denotes the sales revenue from
green marine fuel. B — 7q; indicates the unused carbon emission
allowance after port operations, which can be sold externally with
1(B — 7q;) representing the corresponding sales income. By solving
the first-order conditions % =0 and g% = 0, the optimal solutions
for p; and p, can be derived, as specified in Equations 4 and 5.

ey +ab, nNT+w
= 4
P, - 2 )
ca, +ayb w
T _ ca;tad 2 5)

P, - 2

The profits of marine fuel suppliers originate from their
wholesale operations. Specifically, the profit function for
conventional fuel supplier is formulated in Equation 6a, while
that for green fuel supplier is presented in Equation 6b.

Max 7,y = q;(wy —¢1) (6a)

Green marine fuel supplier

Green marine fuel

v

Port

Conventional marine fuel supplier

A

Conventional marine fuel

FIGURE 2
Marine fuel supply chain without government participation.
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Max ., = q,(w, — c5) (6b)
The optimal solutions for w; and w, can be derived by solving
Dy _
D, =
Equations 7 and 8 respectively.

the first-order conditions

D . .
0 and # =0, as specified in
2

T* ENT + cay + by(2a; — 2nThy + 2bycy + ccy)

" 4byb, - & @

% cay + b (enT +2a, + ccy + 2byc,)
W. =
2 4b,b, — 2

®)

By substituting Equations 7 and 8 into Equations 4 and 5, the
optimal solutions for p; and p, can be obtained, as presented in
Equations 9 and 10.

% _ ayc(5byby - 2¢%) + 3a,b,(2b, b, - %)

b 24bib; ~ A)(bib, — )
b,(2b,nT + 2bc; + ccy) ©)
2(4b,b, - )
T« _ cay+ayb;  cay +by(cnT +2a, + cc; + 2b,¢5) (10)

P2 =50, - ) 24b,b, - 3)

T* T*  T* T*
Basedonw, ,w, ,p, ,andp, ,the values of EPT, n,,Tﬂ, and n,,Ez
can be determined.

3.3 Cooperative model

Under the cooperative model between conventional and green
marine fuel suppliers, the port profit function remains consistent
with Equation 3 while the fuel pricing satisfies p!! = p! and pi = p1.
The profit calculation for the joint fuel supplier consortium is given
by Equation 11.

(11)

The optimal solutions for w; and w, can be derived by solving

the first-order conditions gf’f

Max 1w, = E%:l‘]i(wi -¢)

=0 and g%: 0, as specified in
2
Equations 12 and 13 respectively.

H+« cay+ab, ¢ -NT
w, = + 12
L T 2bby - ) 2 (12)
H+  cap +ab; o
w, = (13)

T2bb-2) 2

The retail prices of conventional and green marine fuels under
full cooperation model, p’ and p2, can be obtained by substituting
Equations 12 and 13 into Equations 4 and 5, with the detailed
solutions shown in Equations 14 and 15 respectively.

H+ 3(cay +a b)) N+

= + 14
Pv T, -2 T a (14)
mx  3(ca; +a,b)) o
=+ = 15
P2 T, - T (15)
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Theorem 1. For any cooperative structure of marine fuel
suppliers (either cooperative or non-cooperative), the carbon tax
promotes the demand for green marine fuel while simultaneously
suppressing the demand for conventional marine fuel.

Proof. Based on the demand functions (1) and (2), for conven-

%
Dg, __Th1(2b1hz*52)
Dn T 2(4b, b, %)

can be calculated. Therefore, the carbon tax has a negative

H*
Dq,
Dn

tional marine fuel, = —TTI" <0, and <0

inhibitory effect on the demand for conventional marine fuel.

H*
.. . . . D
Similarly, for green marine fuel, it is evident that gzn = % >0,
%
and 24— _<tbib o g Therefore, the government’s carbon tax
D~ 2@bb,-3) ~ > 8

policy has a positive incentive effect on the demand for green
marine fuel.

Inspiration: The government’s imposition of carbon tax on
conventional marine fuel can effectively promote the application
of green marine fuel. Therefore, the government should increase the
intensity of carbon tax collection and promote the development of
carbon trading markets.

To systematically analyze the impact of cooperative modes
between conventional and green marine fuel suppliers on supply
chain profits, we establish the following benchmark parameters for
numerical simulation: a, = 40, a, = 35,b; =6,b, =6,¢ =5, ¢, =10,
¢ =20, 7= 0.2, B= 50, 1= 40. Based on this parameter
configuration, we solve each entity’s profit maximization problem
to derive equilibrium prices, demand quantities, and profit levels
under different scenarios. The comprehensive computational results
are summarized in Table 1.

The calculation results in Table 1 show that while cooperation
between marine fuel suppliers significantly increases their own
profits, it has multiple impacts on the entire market: First, the
cooperation leads to substantial increases in wholesale prices for
both green and conventional marine fuels, which in turn push
up retail prices and suppress market demand, particularly causing
a 77.4% (222 =

demand; Second, port profit consequently decrease by 3.9%

( 2126.76-2044.85
2126.76

and carbon emissions are reduced, this mainly stems from

77.4%) plunge in green marine fuel
=3.9%); Finally, although total fuel consumption

demand contraction rather than optimization of the energy
structure. These results indicate that while cooperation between

TABLE 1 Calculation results under two models.

Parameter et . Cooperative
cooperative

Tt + Ty 45.69 89.70
A 2126.76 2044.85
a 1031 8.00
0@ 554 1.25
Wi 13.44 19.86
W, 21.85 28.64
n 29.58 32.80
P 29.56 32.85

frontiersin.org


https://doi.org/10.3389/fmars.2025.1668875
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jiang et al.

marine fuel suppliers improves their own benefits, it may hinder the
promotion of green marine fuel and weaken the effectiveness of
carbon tax.

The carbon tax significantly impacts the profits of port and
marine fuel suppliers. To thoroughly analyze the degree of influence
of carbon tax rate changes on each entity’s profit, this section
employs numerical simulation methods to examine the dynamic
trends of port profits and marine fuel supplier profits under
different carbon tax levels. The specific analytical results are
presented in Figures 3 and 4.

Figure 3 demonstrates a significant positive correlation between
the carbon tax rate m and port profit. Under the marine fuel
suppliers cooperation model, the sensitivity coefficient of port

Drf _ . .
=% =492, while in the non-
Dr)

profit to the carbon tax is

cooperation model, the coefficient is = 48.47. These empirical
results indicate that the implementation of carbon tax can
effectively enhance port profit, and this conclusion remains robust
across different market structures. The underlying mechanism

primarily stems from the increased revenue effect of carbon

2400

2200 -

Profit

1600

36 38

FIGURE 3
Impact of n variation on port profit.

100 |

90 .

80

70/
Profit

60
50

40

36 38

FIGURE 4
Impact of n variation on marine fuel supplier profit.

10.3389/fmars.2025.1668875

emission rights trading. Model derivation shows that the first-
order partial derivative of the sales revenue from port’s surplus
carbon emission allowances 1(B — 7q; ), with respect to the carbon

tax rate is 78(77(31; )

= B - 1q; > 0. This mathematically confirms
that higher carbon tax directly strengthen the port’s ability to
generate income through carbon markets.

The numerical analysis reveals the carbon tax’s suppressive
effect on marine fuel suppliers’ profits. As shown in Figure 4, the
sensitivity analysis indicates that marine fuel suppliers’ total profits
decrease significantly with rising carbon tax rates 1, with a more

pronounced negative impact under the cooperation model

(D—Zgz—lb)compared to the non-cooperation model
T
(P22 = —1.07). This suppression effect mainly stems from two

aspects: first, ports reduce conventional fuel purchases

H*
( Dq,

n
directly harming conventional marine fuel suppliers’ interests;

b .. .
= —% < 0) to maximize carbon allowance trading revenue,

second, although carbon tax should theoretically boost green

40 42 44

40 42 44
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marine fuel demand, the substitution effect fails to fully offset the
profit loss from declining conventional marine fuel sales due to
green marine fuels’ higher costs.

4 Government participation

The three-level marine fuel supply chain comprising
government, port, and marine fuel suppliers under government
participation is illustrated in Figure 5.

To foster the development of the green marine fuel industry,
governments typically implement industrial subsidy policies (Xu
et al.,, 2025¢). Within this policy context, the profit function for
green marine fuel suppliers is calculated as shown in Equation 16.

Max T, = qa(wy — 6) + 50, (16)

The government aims to minimize total expenditures, which
primarily consist of two components: environmental pollution costs
n7q, and green marine fuel subsidies sq,. Here, 17q, represents the
environmental remediation costs associated with conventional
marine fuel consumption, while sg, denotes the government’s
subsidy expenditures for the green marine fuel industry.
Consequently, the government’s optimal decision-making
problem can be formulated as the total expenditure minimization
model shown in Equation 17. This model reflects the government’s
balanced consideration between environmental management and
fiscal expenditures, coordinating carbon tax and subsidy policies to
control pollution costs while promoting green fuel development.

Min 17)

Ty = NTq) +5q,

The analytical solutions for optimal subsidy s and carbon tax 1
are obtained by solving % =0and aa_%, =0, given in Equations 18

10.3389/fmars.2025.1668875

The equilibrium conditions in Equations 18 and 19 yield the
. . . . GT* . GT*
analytical solutions for optimal pricing: p,  (Equation 20), p,

(Equation 21), wo (Equation 22), and wo (Equation 23).
q 1 q 2 q
a2C(6b1b2 - 4C2) + a1b2(7b1 bz - 5C2)

GT* by(byc; + ccy)

= 2
P 4Q2b,b, — ) (biby — &) 1@bb, - ) 0
G+ ayc(6b,b, — 4¢*) + ayby (7by by — 5¢2) N b, (cc; + byey) (1)
P = 42b,b, — ) (bib, - ) 42b,b, - &)

GTx _ cay +arby +¢;(3bb, — ¢)

oo 202b,b, - 3) @2)
o+ 2ca; + by (3a, + cc; + bycy)

- 23

"2 202b,b, - &) 23)

Under the cooperative mode of marine fuel suppliers, the joint
profit function of conventional and green marine fuel suppliers can
be represented by Equation 24.

Max 1, = S0,qi(wi—¢;) +sq; (24)

The port profit function remains consistent with Equation 3,
and the government expenditure function aligns with Equation

16. The computational results are as follows: s0* = be-t—ca

b,
GH* _ aj=byci+ce, GH* ¢ | 6cayby+ay(7b1b,~c>) | ccy GH*

== M 8 80, (by by —c2) 8, Py =

¢ , 6ca;by+ay(7bib,—c*) | ccy GH* 3¢, | 2caybi+a (G+bby)  cc, GH*

st -2 Tso M =Zt—0 a2 3o "

B Sby (b, by~ 80, 1 4,(b,b,-) b,

_ o ca,+a,b; a,+cc,

=3 20n,- T,

Theorem 2. Under government participation, the optimal total
government expenditure when marine fuel suppliers cooperate is
strictly less than that under non-cooperative model.

Proof. Following the model derivation, the government
expenditures under marine fuel suppliers non-cooperative (ﬂ:gGT)

and 19. and cooperative (ngGH) models can be obtained as shown in
Equations 25 and 26, respectively.
T _ 2b,byc, — cay — 2a,by — cbycy — oy (18) 1 P Y
2(2byby ~ ¢%) er _ @iby(ay —2bycy +2cc;) — ay by (2cc; - 2byc; + a,)
TT. =
¢ 8(2b,b, — ¢2)
ca, + 2a;by + ¢y — 2bybycy + chye
Gr+ _ 4y 192 1 21 2C1 262 (19) by & - by&
2(2b,b, - %) 5 (25)
Government
S n
Green marine fuel
Green marine fuel supplier .
Port
Conventional marine fuel supplier . . 4
Conventional marine fuel
FIGURE 5

Marine fuel supply chain with government participation.
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e aibyla; +2ccy) = 2a,b,(ay + 2¢¢;) + 2 (bye3 — bycd)
=
16b,b,

. a,6, + b2 —byck —arq

5 (26)

GH

The calculation yields the ratio between ﬂgGH and ngGT as % =

g
1- ﬁ < 1. This proves that the government expenditure under
192
marine fuel suppliers’ cooperation is strictly lower than that under
non-cooperation.

Inspiration: Collaboration between green and conventional
marine fuel suppliers can reduce upstream competition in the
marine fuel supply chain and decrease the sales volume of green

2

C
1 ¢ -5 < 1). As a
result, government spending can be reduced. Therefore, the

. . g goH
and conventional marine fuels (k=% =1

government should encourage green and conventional marine
fuel suppliers to strengthen cooperation.

Based on the parameter settings in Section 3.3, this section
conducts numerical simulations to analyze the impact of the
substitute coefficient ¢ between marine fuels on the profits of each
supply chain entity. The comprehensive computational results are
summarized in Table 2.

From Table 2, it can be seen that cooperation between marine
fuel suppliers can reduce government expenditure and lead to an
increase in subsidy for green marine fuel and a decrease in carbon
tax. At the same time, the impact on the profits of marine fuel
suppliers and port, as well as the demand, wholesale prices, and
retail prices of green and conventional marine fuels, is the same as
the government non participation model.

As shown in Figures 6, 7, 8, the government expenditure,
marine fuel suppliers’ profits, and port profit all exhibit
significant variation trends with changes in the substitute
coefficient (c) between green and conventional marine fuels.

Figure 6 demonstrates that government expenditure increases
with enhanced substitutability between green and conventional
marine fuels. This relationship stems from the positive correlation

TABLE 2 Calculation results under two models under
government participation.

Parameter . . Cooperative
cooperative

7, 82.58 53.91
Tt + T 43.84 106.87
A 2213.16 1720.1

@ 9.73 635

% 6.06 3.96

wy 13.24 2053

W, 21.81 27.18

n 29.66 32.46

P 29.54 3222

s 0.21 292

n 4176 3333
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between the substitute coefficient ¢ and both demand for
conventional marine fuel g; and green marine fuel ¢,, as
established in Equations 1 and 2.

The simulation results in Figure 5 reveal that government total
expenditure shows a significant upward trend as the substitute
coefficient ¢ between green and conventional marine fuels increases.
This phenomenon can be theoretically explained through the
demand functions (Equations 1, 2): since both conventional
marine fuel demand ¢q; and green fuel demand g, are positively
correlated with the substitute coefficient ¢, the government faces
dual expenditure pressures - (1) rising environmental governance
cost as increased g, directly elevates pollution cost n7q;, and (2)
expanding subsidy scales as maintaining green marine fuel
competitiveness requires increased sq, expenditure.

The numerical simulations in Figures 7 and 8 demonstrate that
an increase in the substitute coefficient ¢ between marine fuels
significantly enhances supply chain profits. As substitute coefficient
¢ between green and conventional marine fuels improves, both port
profit and marine fuel supplier profits growth across all four
models. This phenomenon stems from dual mechanisms: (1)
enhanced fuel substitutability expands market scales for both
marine fuels through demand complementarity effects; (2)
increased substitution elasticity provides port and marine fuel
suppliers with greater decision-making flexibility to dynamically
optimize fuel portfolios based on marginal revenue principles.
Specifically, port can adjust sales structures to improve unit
profit, while marine fuel suppliers optimize production
allocation efficiency.

5 Conclusion

The adoption of green marine fuels demonstrates significant
environmental and social benefits in reducing shipping emissions
while profoundly impacting conventional marine fuel supply chain.
This trend has garnered substantial attention from governments,
shipping companies, ports, and marine fuel suppliers in major
maritime nations. Currently, numerous governments have
implemented policy measures including financial subsidies and
tax incentives to support green marine fuel development. Major
global ports are accelerating bunkering infrastructure construction -
for instance, Shanghai Port has established a clear target to achieve
300,000 tons of green fuel supply capacity by 2030. However, the
green marine fuel supply chain still faces multiple challenges,
particularly insufficient cross-sector coordination, with notable
mismatches between port bunkering infrastructure development
timelines and fuel suppliers’ actual production capacities.

We develop a marine fuel supply chain model involving
government, port, and marine fuel suppliers, with particular focus
on analyzing the substitution effects between green and
conventional marine fuels and the impacts of marine fuel supplier
cooperation strategies on stakeholder decisions. The study yields
three key findings: First, carbon tax effectively promotes green
marine fuel adoption while suppressing conventional marine fuel
demand, regardless of whether marine fuel suppliers adopt
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cooperative or competitive strategies. Second, cooperative behavior
between conventional and green fuel suppliers significantly reduces
total government expenditure. Third, enhanced substitutability
between the green and conventional marine fuel leads to
increased government expenditure, port profit, and marine fuel
supplier profit. These findings provide theoretical foundations for
formulating green marine fuel promotion policies.

This paper has several limitations that warrant improvement.
First, the current model only considers three stakeholders
(government, port, and marine fuel supplier), while shipping
company as key demand-side player significantly influence
marine fuel supply chain efficiency through their fuel
consumption capacity. Future research should prioritize
developing a four-party optimization model incorporating
government, port, shipping company, and marine fuel supplier
coordination. Second, the analysis does not differentiate between
various green fuel types (e.g., green methanol vs. green hydrogen)
and their techno-economic characteristics. Subsequent studies
should investigate the differential impacts of multi type green
marine fuel competition on marine fuel supply chain development.
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