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Abstract

The liner shipping industry is thriving in the low-carbon transition, and optimizing oper-
ational strategies for liquefied natural gas (LNG) dual-fuel ships has become a research
hotspot. This research examines the impacts of the carbon tax, emission control area (ECA)
policies, fuel price discounts and methane slip rate on fuel management strategies. Firstly,
to reduce liner operating costs and adhere to ECA policies, this study develops a basic
optimization model. Further, the model is extended to take into account the impact of
fuel price discounts. Secondly, by linearizing multiple nonlinear terms, the operational
strategies are obtained. Thirdly, taking a real vessel sailing between the Far East and
Northwest Europe as a case study, this study identifies the ports for LNG and very low
sulfur fuel oil (VLSFO) bunkering, determines the bunkering amounts and calculates the
planned speeds. Furthermore, sensitivity analyses are conducted on fuel price difference,
carbon tax rate and methane slip rate. Results show that fuel price difference, carbon tax
rate, methane slip rate and fuel price discount exert a significant impact on ship operational
decisions. To ensure the effectiveness of maritime decarbonization regulations, authorities
should monitor ship engines with high methane slip rates. This study offers important
references for shipping enterprises to meet ship emission policies and simultaneously cut
operational costs.

Keywords: ship emission regulations; green shipping; LNG; maritime decarbonization;
carbon tax

1. Introduction
As trade becomes increasingly globalized, liner transportation is playing a crucial

role in global trade [1]. However, shipping activities generate atmospheric pollutants,
seriously harming the environment. According to the data released by the International
Maritime Organization (IMO), the reported greenhouse gas emissions in 2018 increased
by 9.6% compared to 2012 [2]. To further reduce pollutant emissions from ships, relevant
organizations of various countries have released a series of strict regulations [3]. In 2020,
China announced the ‘dual carbon’ goals to combat global climate change, striving to
achieve a carbon peak by 2030.

To reduce sulfur oxides, the IMO enforces the ECA policy in the Mediterranean Sea.
The sulfur content limits for ship fuel within and outside the ECA are 0.1% m/m and 0.5%
m/m, respectively, as shown in Table 1. To comply with sulfur limit regulations, shipping
companies mainly use LNG alternative fuel, install exhaust gas scrubbers, and conduct
fuel switching [4,5]. The extremely low sulfur content of LNG enables nearly zero sulfur
oxide emissions, making it fully compliant with ECA regulations. However, the sulfur
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content of VLSFO cannot exceed 0.50% m/m, and it can be used outside 0.1% sulfur ECAs.
Fuel switching technology refers to ships switching between conventional and low-sulfur
fuel when entering or exiting the ECAs. This method is popular among many shipping
companies due to the low complexity. Kouzelis et al. [6] developed a decision support
tool for selecting alternative fuel technologies and reducing shipping costs. Li et al. [7]
took methanol dual-fuel powered ships as a case study and developed a model that jointly
optimizes route and speed to reduce operational costs and emissions. The results show
that increasing methanol fuel tank capacity can improve economic benefits. Wu et al. [8]
considered factors such as fuel price fluctuations, carbon tax, fuel consumption and port
fuel supply, and proposed a multi-stage stochastic programming model. The results show
that fuel prices affect bunkering decisions for low-sulfur fuel.

Table 1. The sulfur limit in the Mediterranean ECA [9].

Category Limit Applicability

Sulfur oxides 0.50% sulfur (m/m) Outside the ECA
Sulfur oxides 0.10% sulfur (m/m) Within the ECA

1.1. Literature Review

Shipping companies can reduce emissions through technologies, operational strate-
gies and market means [10–12]. Using alternative fuels is recognized as a promising
approach [13], and several alternative fuels exhibit great potential in terms of environmen-
tal advantages. A life cycle assessment approach is adopted to identify the most promising
alternative fuels [14]. Tu et al. [15] evaluated the economic viability and emission reduction
potential of commonly used alternative fuels. Marine diesel engines are an important
source of ship exhaust, and the cost of retrofitting traditional ships with alternative fuels
is relatively low [16]. Marine clean fuels currently used include methanol, LNG, biofuels,
ammonia and hydrogen. Milojević et al. [17] conducted a study dedicated to the design,
maintenance and safety challenges of biomethane vehicles. Based on a comprehensive
assessment of economics, technology maturity, availability and emission reduction effects,
LNG shows significant advantages. As a technically mature transition fuel, LNG can effec-
tively help the shipping enterprises comply with current emission regulations [18]. The
global LNG supply shows steady growth, with export volumes of 356 million tons in 2020,
increasing to 399.6 million tons in 2022, and recently reaching approximately 406 million
tons in 2023 [19,20]. The growth in global natural gas demand has brought a significant
increase in LNG maritime trade volumes, leading to the expansion of the LNG carrier fleet
and an increase in new ship orders, while LNG-powered ships are also experiencing rapid
development in the liner shipping service.

In recent years, research on operational strategies of LNG-dual-fuel ships has in-
creased substantially. He et al. [21] included fuel price uncertainty in their research, con-
structing an optimization model for fuel switching and speeds. Results demonstrate that
fuel switching can help cut the total operational costs of LNG dual-fuel ships. A nonlinear
optimization model was developed by Gu et al. [22] by taking into account sulfur emission
regulations and fuel price uncertainty. They concluded that investing in LNG-fueled ships
can effectively reduce pollutant emissions. Focusing on LNG tramp vessels, He et al. [23]
formulated a strategic optimization model. Research findings indicate that refueling at
an alternative port can effectively reduce overall operational costs when substantial price
differences exist among ports. Integrating ECA policies and the ’European Union Emissions
Trading System’ (EU ETS), Shih et al. [24] constructed an optimization model for LNG
dual-fuel ship operations. Then, a genetic algorithm was proposed to solve the problem,
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with the objective of lowering the total cost and carbon dioxide (CO2) emissions. Finally,
the fuel ratio and planned speeds for ships are obtained.

LNG is a clean fuel commonly used in maritime transportation, leading to a continu-
ously increasing number of LNG-powered vessels operating globally. However, methane
slip can also occur when using LNG [25]. Methane slip represents the unburned methane
escaping from LNG ship engines. In addressing the methane slip issue, scholars mainly fo-
cus on engine technology innovation, after-treatment technologies, and operational strategy
optimization [26]. Lim et al. [27] combined steam methane reforming with onboard hydro-
gen production on LNG-powered vessels to reduce the negative environmental impact of
methane. Kuittinen et al. [28] take an LNG-powered cruise ship as a case study, surprisingly
finding that methane slip increases significantly at low-load conditions. Zarrinkolah and
Hosseini [29] found that switching fuels and optimizing fuel injection angles can reduce
methane slip from mixed-fuel engines. In terms of operational management strategies,
scholars have conducted in-depth analyses of fuel types and operational speeds. However,
many studies have overlooked the combined impact of fuel price discounts and methane
slip on operational costs [30]. Only a few studies have focused on the methane slip issue.
For example, Wu et al. [31] considered factors such as methane slip, fuel consumption,
and CO2 emissions to optimize the fuel bunkering volume of LNG. The results show that
methane slip affects the selection of the fuel type and bunkering amount. Shangguan
et al. [30] considered the impact of methane slip on total costs and found that incorporating
methane slip considerations in LNG dual-fuel vessel management helps reduce economic
losses. Hybrid propulsion systems offer certain advantages in terms of saving fuel and
cutting pollutant emissions [32]. Targeting hybrid power systems, Milićević et al. [33]
employed numerical analysis to investigate the effect of critical design parameters on
the system efficiency. It is shown that hybrid propulsion systems substantially influence
fuel consumption.

1.2. Objectives and Contributions

LNG dual-fuel ships are selected as the research subject in this study, in which methane
is stored as LNG and used together with VLSFO. Compared with previous studies, the
contribution of this study mainly lies in three aspects. Firstly, the previous literature did
not simultaneously include the combined effects of price discounts, methane slip, carbon
tax and ECA policies, fixed operating costs, and time window constraints on operational
strategies. However, this research incorporates all these factors, ensuring the model’s
generality. Secondly, to improve the computational feasibility of the proposed models,
multiple nonlinear terms have been linearized, which has theoretical implications. Thirdly,
to analyze the effect of key factors on the operational decisions, sensitivity analyses were
carried out on fuel price difference, carbon tax rate and methane slip rate, based on actual
liner service data. Overall, this research has made significant contributions in three aspects:
the generality of the model, linearization of multiple nonlinear terms and optimization of
operational strategies. This research will enrich the theories of fuel bunkering strategies
and planned speeds for LNG dual-fuel ships, consistent with the trend towards a green
transition in global shipping, and provide assistance for liner companies to make fuel
bunkering decisions. The construction of the fuel bunkering optimization models helps
reduce total costs and carbon emissions in liner shipping.

The rest of the sections are shown as follows. Section 2 presents two optimiza-
tion models, while Sections 3 and 4 detail the linearization approach and case analyses.
Section 5 provides the primary conclusions. Figure 1 depicts the research framework.
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Figure 1. Research framework.

2. Model Formulation
2.1. Problem Description and Assumptions
2.1.1. Problem Description

The research analyzes an ocean-going route that involves several port stops and ECAs.
The liner company has deployed some ships to maintain the normal operation of weekly
liner service. It is assumed that there are n ports on this route, with the port set denoted
as P = {1, 2, 3, . . ., n}. The leg i connects port i to port (i + 1), and port (n + 1) is identical
to the origin. In other words, the liner vessel departs from port 1 and eventually returns
to the initial port, thus forming a closed-loop round voyage. During the transportation,
liner ships may navigate at lower speeds within ECAs, which could result in an increased
voyage time. Meanwhile, vessel operations are constrained by port arrival-time windows.
This study employs soft time windows. If a liner vessel arrives late, a late arrival penalty
is imposed. The delay penalties may incentivize vessels to increase operational speeds.
However, excessively high speeds lead to increased carbon emissions, which in turn result
in a higher carbon tax. Therefore, vessels need to strike a balance between low speeds and
high service levels.

Due to the long voyage distance of ocean-going routes, container ships need to refuel
at ports of call. When selecting bunkering ports, LNG dual-fuel powered vessels must
consider aspects such as the availability of LNG refueling facilities, fuel types, fuel prices
and even weather conditions. This study ignores emergency situations such as severe
weather and assumes that all ports can supply conventional fuels such as VLSFO, while
only a few ports are capable of supplying LNG. Since the ignition temperature of LNG
is higher than that of traditional fuel oil, a small amount of conventional fuel is required
for ignition. Thus, for LNG dual-fuel powered container ships, the consumption of pilot
fuel should be considered and constrained. Given that fuel prices, bunkering facilities
and bunkering capacity vary across different ports, it is necessary to select appropriate
bunkering ports and bunkering amounts to formulate a reasonable bunkering strategy,
with the purpose to reduce the operational costs of ships.
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2.1.2. Compliance Mechanism and Modeling Framework

This study comprehensively considers the effect of ship emission regulations on ship-
ping companies’ operational decisions, including carbon tax policies and ECA regulations.
Firstly, in the study, compliance with ECA regulations is considered a hard constraint. Thus,
it is assumed that LNG dual-fuel powered ships burn LNG within ECAs. At ports outside
of ECAs, shipping companies can choose to refuel with VLSFO (sulfur content ≤ 0.50%) or
LNG, and the bunkering volume is mainly influenced by fuel prices. Second, the European
Union has released carbon tax regulations for certain types of ships. While meeting ECA
policies, shipping companies urgently need to reduce carbon taxes and total costs.

The research incorporates both methane slip and carbon emissions from the burning of
LNG and VLSFO into the objective function to quantify the real costs imposed on shipping
companies by ECA limitations and carbon tax policies. Meanwhile, this study provides
shipping companies with optimized operational strategies, including the determination of
bunkering ports, refueling volumes, fuel types and planned speeds.

2.1.3. Assumptions

The basic model is proposed on the following 4 assumptions:

Assumption 1. The ports of call on the route and the sequence are known.

Assumption 2. The liner ships assigned to the route are of a similar type. Only the bunker fuel
consumed by the main engines is considered.

Assumption 3. The departure frequency is once a week [34,35]. Liner ships only refuel at ports of
call, with bunker prices being known.

Assumption 4. The fuel switching time at ECA boundaries is not considered [36].

2.2. A List of the Notations

(1) Indices and sets
P = {1, 2, . . . , n}: A set contains ports of call.
PLNG: A set of ports that support LNG bunkering.
PNON : A set of ports without LNG bunkering facilities.
R: A set of voyage legs.
RE: A set of voyage legs within ECAs.
RN : A set of voyage legs outside ECAs.
Z∗: A set of non-negative integers.
(2) Parameters
dE

i : ECA distance on leg i of the route, nm.
dN

i : Non-ECA distance on leg i of the route, nm.
ti: Berthing time at the i-th port, h.
Ta

i : Actual arrival time at the i-th port, h.
TE

i : Latest arrival time at the i-th port, h.
T: End time of the time window, h.
v0: Design speed, kn.
vmax: Maximum speed, kn.
vmin: Minimum speed, kn.
pL

i : LNG fuel price at the i-th port, USD/ton.
pV

i : VLSFO fuel price at the i-th port, USD/ton.
Cg: Fuel bunkering cost for each operation, USD.
HL: The upper limit of LNG tank capacity, ton.
HV : The upper limit of VLSFO tank, ton.
s: Maximum number of bunkering operations.
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α: Safety stock ratio.
β: Pilot fuel ratio.
γ: Carbon emission factor of LNG, g CO2/g f uel.
θ: Carbon emission factor of VLSFO, g CO2/g f uel.
ε: Late arrival penalty per hour, USD/h.
pc: Carbon tax rate, USD/ton.
pm: Methane slip tax rate, USD/ton.
kmax: Maximum number of ships deployed.
SFM: Main engine fuel consumption rate, g/(kW·h).
ELM: Load factor of main engine.
PSM: Main engine nominal power, kW.
FM: Main engine specific fuel consumption coefficient, ton/h.
φ: Heat value conversion factor from marine fuel to LNG.
F(vE

i ), F(vN
i ): Main engine fuel consumption function within/outside ECAs.

σ: Methane slip rate per hour, ton/h.
B1: Bunkering amount threshold for the first fuel discount, B1 ≥ 0, ton.
B2: Bunkering amount threshold for the second fuel discount, B2 ≥ 0, ton.
λ1: Price discount rate when bunkering amount lies within (B1, B2], λ1 ≥ 0.
λ2: Price discount rate when bunkering amount exceeds B2, 0 ≤ λ2 ≤ λ1 ≤ 1.
C0: Weekly fixed operating cost of a liner ship, USD.
δi: Price difference between LNG and VLSFO, USD/ton.
w0: Fuel onboard at departure.
(3) Variables
vE

i : Speed on leg i within ECAs, kn.
vN

i : Speed on leg i outside ECAs, kn.
QL

i : LNG bunkering amount at port i, ton.
QV

i : VLSFO bunkering amount at the i-th port, ton.
xL

i : xL
i = 1 if LNG bunkering is conducted at the i-th port, otherwise xL

i = 0.
xV

i : xV
i = 1 if VLSFO bunkering is conducted at the i-th port, otherwise xV

i = 0.
yi: yi = 1 if VLSFO is used as fuel on leg i outside ECAs, yi = 0 if LNG is used.
k: Number of liner vessels assigned to the route.
(4) Functions
wL

i : Arrival LNG stock at port i, ton.
wV

i : Arrival VLSFO stock at port i, ton.
FPV

i : Ignition fuel consumption on voyage leg i, ton.
FL

i : Total LNG fuel consumption on voyage leg i, ton.
FV

i : Total VLSFO fuel consumption on voyage leg i, ton.
CL

i : LNG bunkering cost with fuel price discounts, USD.
CV

i : VLSFO bunkering cost with fuel price discounts, USD.

2.3. Fuel Bunkering Model for LNG Dual-Fuel Powered Vessels
2.3.1. Fixed Operating Cost

The fixed operating cost during the navigation refers to the cost incurred to main-
tain normal operation that is not affected by navigation conditions. The aggregate fixed
operating cost per round trip can be formulated as kC0 [34,37].

2.3.2. Fuel Bunkering Cost

LNG dual-fuel powered vessels refuel at ports of call. Therefore, the fuel bunkering
cost for a round voyage is determined by fuel prices and bunkering amounts. In addition,
fixed cost per bunkering is generated during the bunkering process [38]. Dual-fuel powered
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liners can use LNG and VLSFO as fuels. Thus, the LNG and VLSFO fuel bunkering costs can
be written as ∑n

i=1 (pL
i QL

i xL
i + CgxL

i ) and ∑n
i=1 (pV

i QV
i xV

i + CgxV
i ). Therefore, the total fuel

bunkering cost for an LNG dual-fuel powered vessel on a round voyage can be expressed
as ∑n

i=1 [p
L
i QL

i xL
i + pV

i QV
i xV

i + Cg(xL
i + xV

i )].

2.3.3. Carbon Tax

The fuel consumption of LNG dual-fuel ships during navigation mainly comes from
the main engine, where methane slip occurs. Based on the principle of heating value
conservation, the LNG volumes consumed by main engines within and outside ECAs are
φF(vE

i ) and φF(vN
i ), respectively [39], where F(vE

i ) and F(vN
i ) represent the main engine

fuel consumption within and outside ECAs, respectively, as shown below

F(vE
i ) = FM(

vE
i

v0
)3 dE

i
vE

i
(1)

F(vN
i ) = FM(

vN
i

v0
)3 dN

i
vN

i
(2)

FM = SFMELMPSM10−6 (3)

where SFM is equal to 206 g/(kW·h) , ELM denotes the main engine operating load factor
with a value of 0.8, and PSM represents the main engine rated power [40,41].

LNG dual-fuel powered vessels can choose to use either LNG or VLSFO when oper-
ating outside ECAs. When yi = 0, the vessel uses LNG outside ECAs; otherwise, VLSFO
is used. On voyage leg i, the main engines may consume LNG and VLSFO. Specifically,
the LNG consumption within and outside ECAs on leg i are φF(vE

i ) and φF(vN
i )(1 − yi),

respectively, and the VLSFO consumption outside ECAs is F(vN
i )yi. Since LNG has a higher

ignition temperature, it typically requires 1–3% pilot fuel for ignition [42,43]. Let the pilot
fuel consumption be FPV

i , and according to [44], it is obtained that

FPV
i = βφ[F(vE

i ) + F(vN
i )(1 − yi)] (4)

The aggregate LNG and VLSFO fuel consumption on voyage leg i are denoted as FL
i

and FV
i , respectively. Hence

FL
i = φF(vE

i ) +φF(vN
i )(1 − yi) (5)

FV
i = F(vN

i )yi + FPV
i (6)

Maritime carbon tax is levied based on CO2 emissions. Therefore, the carbon tax can
be expressed as pc∑n

i=1 (γFL
i + θFV

i ) [45].

2.3.4. Methane Slip Cost

Methane slip from the ship’s main engine is a critical issue faced by LNG dual-fuel
powered vessels. The methane slip tax rate is pm = 30pc [30]. Thus, the methane slip cost

can be calculated as pmσ∑n
i=1 [

dE
i

vE
i
+

dN
i

vN
i
(1 − yi)].

2.3.5. Late Arrival Penalty

To improve the efficiency of liner services, time window constraints are imposed on
arrival times. When a liner vessel arrives at a port late, a delay cost is incurred. Therefore,
the late arrival penalty equals ∑n

i=1 ε max
{

Ta
i − TE

i , 0
}

[46].
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2.3.6. Model Formulation for LNG Dual-Fuel Powered Vessels

According to the analysis of various cost components presented above, this study
constructs Model M1 to minimize the total cost Z1 for a round voyage, such that

min Z1 = kC0 +
n
∑

i=1
[pL

i QL
i xL

i + pV
i QV

i xV
i + Cg(xL

i + xV
i )] + pc

n
∑

i=1
(γFL

i + θFV
i )

+pmσ
n
∑

i=1
[
dE

i
vE

i
+

dN
i

vN
i
(1 − yi)] +

n
∑

i=1
ε max

{
Ta

i − TE
i , 0

} (7)

subject to

∑n
i=1 (

dE
i

vE
i
+

dN
i

vN
i
+ ti) ≤ 168k (8)

1 ≤ k ≤ kmax (9)

αHLxL
i ≤ QL

i ≤ HLxL
i , ∀i ∈ PLNG (10)

QL
i = 0, ∀i ∈ PNON (11)

αHV xV
i ≤ QV

i ≤ HV xV
i , ∀i ∈ P (12)

wL
i ≥ αHL, ∀i ∈ P (13)

wV
i ≥ αHV , ∀i ∈ P (14)

wL
i + QL

i ≤ HL, ∀i ∈ PLNG (15)

wV
i + QV

i ≤ HV , ∀i ∈ P (16)

wL
i+1 = wL

i + QL
i −φF(vE

i )−φF(vN
i )(1 − yi)− σ[

dE
i

vE
i
+

dN
i

vN
i
(1 − yi)], ∀i < n (17)

wV
i+1 = wV

i + QV
i − F(vN

i )yi − FPV
i , ∀i < n (18)

wL
1 = wL

i + QL
i −φF(vE

i )−φF(vN
i )(1 − yi)− σ[

dE
i

vE
i
+

dN
i

vN
i
(1 − yi)], i = n (19)

wV
1 = wV

i + QV
i − F(vN

i )yi − FPV
i , i = n (20)

wL
1 = wV

1 = w0 (21)

Ta
1 = 0 (22)

Ta
n+1 = T (23)

Ta
i+1 = Ta

i + ti +
dE

i
vE

i
+

dN
i

vN
i

, ∀i ∈ P (24)

vmin ≤ vE
i ≤ vN

i ≤ vmax, ∀i ∈ P (25)

∑n
i=1 (xL

i + xV
i ) ≤ s (26)

k ∈ Z∗ (27)

xL
i , xV

i , yi ∈ {0, 1}, ∀i ∈ P (28)

QL
i , QV

i , wL
i , wV

i ≥ 0, ∀i ∈ P (29)

The objective function (7) is established to cut the total cost. Constraint (8) ensures
compliance with the weekly service frequency. Constraint (9) limits the maximum number
of allocated vessels. Constraint (10) specifies the bunkering amount restriction at ports
equipped with LNG bunkering facilities. Constraint (11) indicates that the bunkering
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amount at ports without LNG bunkering facilities must be zero. Constraint (12) defines
the VLSFO bunkering amount limit at ports. Constraints (13) and (14) enforce the safety
inventory requirements for fuel upon vessel arrival at ports. Constraints (15) and (16)
impose the maximum capacity restrictions for LNG and VLSFO fuel tanks, respectively.
Constraints (17)–(20) enforce the fuel stock upon arrival at ports. Constraint (21) specifies
the initial fuel inventory. Constraints (22)–(24) impose the vessel arrival time window
constraints at ports. Constraint (25) imposes the speed restrictions. Constraint (26) imposes
the maximum bunkering frequency limit. Constraint (27) shows that the number of liner
vessels assigned to the route is a non-negative integer. Constraint (28) defines binary
decision variables indicating whether fuel bunkering is conducted at ports and whether
fuel switching is performed outside ECAs. Constraint (29) requires that fuel bunkering
amounts and inventory levels be non-negative.

2.4. Fuel Bunkering Model with Fuel Price Discounts
2.4.1. Bunkering Cost with Fuel Price Discounts

The bunkering amounts of LNG and VLSFO at the ports of call are denoted as QL
i and

QV
i , respectively. Taking into account the price discounts, the LNG and VLSFO bunkering

costs CL
i and CV

i at the ports of call are shown as follows

CL
i =


pL

i QL
i , 0 < QL

i ≤ B1

pL
i B1 + λ1 pL

i (Q
L
i − B1), B1 < QL

i ≤ B2

pL
i B1 + λ1 pL

i (B2 − B1) + λ2 pL
i (Q

L
i − B2), QL

i > B2

(30)

CV
i =


pV

i QV
i , 0 < QV

i ≤ B1

pV
i B1 + λ1 pV

i (Q
V
i − B1), B1 < QV

i ≤ B2

pV
i B1 + λ1 pV

i (B2 − B1) + λ2 pV
i (Q

V
i − B2), QV

i > B2

(31)

where λ1 is the price discount rate when the bunkering amount is in the interval (B1, B2],
and λ2 is the price discount rate when the bunkering amount exceeds B2.

Furthermore, the total fixed cost for all bunkering operations Cg(xL
i + xV

i ) incurred
during the fuel bunkering process must be taken into account. Consequently, the total
bunkering cost for LNG dual-fuel powered vessels over the voyage route can be formulated
as ∑n

i=1 [C
L
i + CV

i + Cg(xL
i + xV

i )].

2.4.2. Formulation of the Model with Fuel Price Discounts

Based on the bunkering cost analysis described above, an optimization Model M2 is
formulated to reduce the total cost Z2. Hence

Min Z2 = kC0 +
n
∑

i=1
[CL

i + CV
i + Cg(xL

i + xV
i )] + pc

n
∑

i=1
(γFL

i + θFV
i )

+ pmσ
n
∑

i=1
[
dE

i
vE

i
+

dN
i

vN
i
(1 − yi)] +

n
∑

i=1
ε max

{
Ta

i − TE
i , 0

} (32)

The remaining constraints are the same as those in Model M1. Objective function (32)
minimizes the total cost for LNG dual-fuel powered vessels on a round voyage considering
fuel price discounts.

3. Linearization
This study constructs two mixed-integer nonlinear programming (MINLP) models.

However, the models contain some nonlinear terms, which are relatively difficult to solve
through CPLEX solver. In this section, auxiliary variables are introduced to reformulate the
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models as mixed-integer linear programming (MILP) models. The two MILP models are
solved using MATLAB R2023a integrated with the YALMIP toolbox and the CPLEX 12.10.

3.1. Linearization of Nonlinear Terms
3.1.1. Linearization of Late Arrival Penalty Functions

In the model, the late arrival penalty is nonlinear, making it difficult to get the so-
lutions. Thus, linearization of the late arrival penalty is required. Auxiliary variables µi

are introduced, where µi = max
{

Ta
i − TE

i , 0
}

, i = 1, 2, . . . , n, to reformulate the original
nonlinear terms as linear terms. Thus, the late arrival penalty functions are reformulated as

min
n

∑
i=1

ε max
{

Ta
i − TE

i , 0
}
= ε min

n

∑
i=1

µi (33)

subject to
µi ≥ Ta

i − TE
i (34)

µi ≥ 0 (35)

3.1.2. Linearization of Fuel Consumption Functions

Equations (1), (2), (5) and (6) include nonlinear items. To solve the problem, nonlinear
terms must be converted to linear terms [47]. Four steps are shown as follows:

Step 1. Auxiliary variables uE
i and uN

i are introduced, defined as uE
i = 1

vE
i

, uN
i = 1

vN
i

. Con-

sequently, the speed range is transformed from [vmin, vmax] to [umin, umax], where umin = 1
vmax

,
umax = 1

vmin
. Thereafter, the fuel consumption functions can be reformulated as

G(uE
i ) = FM φ

dE
i (u

E
i )

−2

v03 (36)

GL(uN
i ) = FM φ

dN
i (uN

i )
−2

v03 (37)

GV(uN
i ) = FM dN

i (uN
i )

−2

v03 (38)

Step 2. Let [umin, umax] be divided into X equal segments, and then (X + 1) division
points can be obtained. The value at the m-th division point is denoted as uE

im. Similarly,
the value of uN

im can be obtained.

uE
im = umin + (m − 1)

(umax − umin)

X
(39)

uN
im = umin + (m − 1)

(umax − umin)

X
(40)

Step 3. At the m-th division point, the fuel consumption amounts of LNG and VLSFO
within and outside ECAs are G(uE

im), GL(uN
im) and GV(uN

im).
Step 4. For the ECA segment on voyage leg i, X piecewise linear functions can be

derived from Step 3. To handle these X continuous piecewise functions, (X + 1) auxiliary
continuous variables ωE

i1, ωE
i2, . . ., ωE

i(X+1) and X binary variables ηE
i1, ηE

i2, . . ., ηE
iX are

introduced. The auxiliary continuous variables ωE
i1, ωE

i2, . . ., ωE
i(X+1) serve to achieve

linearization of the fuel consumption functions, while the binary variables ηE
i1, ηE

i2, . . ., ηE
iX

are used to ensure that uE
i falls into exactly one interval. Consequently, the resulting linear

constraints are formulated as follows

uE
i = ωE

i1uE
i1 + ωE

i2uE
i2 + · · ·+ ωE

i(X+1)u
E
i(X+1) (41)
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G(uE
i ) = ωE

i1G(uE
i1) + ωE

i2G(uE
i2) + · · ·+ ωE

i(X+1)G(uE
i(X+1)) (42)

ωE
i1 + ωE

i2 + · · ·+ ωE
i(X+1) = 1 (43)

ωE
im ≥ 0, ∀i ∈ RE, m = 1, 2, · · · , X + 1 (44)

ηE
i1 + ηE

i2 + · · ·+ ηE
iX = 1 (45)

ωE
i1 ≤ ηE

i1, ωE
i2 ≤ ηE

i1 + ηE
i2, · · · , ωE

iX ≤ ηE
i(X−1) + ηE

iX , ωE
i(X+1) ≤ ηE

iX (46)

ηE
im ∈ {0, 1}, ∀i ∈ RE, m = 1, 2, · · · , X (47)

Similarly, outside ECAs, the vessel can choose LNG or VLSFO as fuel. Thus, fuel
consumption functions on leg i outside ECAs can be linearized separately.

3.1.3. Linearization of the Product Terms

In Model M1, there exist nonlinear forms involving the product terms between
binary and non-negative continuous variables, such as φF(vN

i )(1 − yi), F(vN
i )yi and

σ
dN

i
vN

i
(1 − yi). Auxiliary variables z1

i , z2
i , and z3

i are introduced, where z1
i = GL(uN

i )(1 − yi),

z2
i = GV(uN

i )yi and z3
i = HN(1 − yi), with HN = σdN

i uN
i . The linearization of these

nonlinear forms is achieved by adding the following constraints

z1
i ≤ GL(uN

i ), ∀i ∈ RN (48)

z1
i ≥ GL(uN

i )− yi M, ∀i ∈ RN (49)

z1
i ≤ (1 − yi)M, ∀i ∈ RN (50)

z2
i ≤ GV(uN

i ), ∀i ∈ RN (51)

z2
i ≥ GV(uN

i )− (1 − yi)M, ∀i ∈ RN (52)

z2
i ≤ yi M, ∀i ∈ RN (53)

z3
i ≤ HN , ∀i ∈ RN (54)

z3
i ≥ HN − yi M, ∀i ∈ RN (55)

z3
i ≤ (1 − yi)M, ∀i ∈ RN (56)

z1
i , z2

i , z3
i ≥ 0, ∀i ∈ RN (57)

where M is fixed and large enough.

3.1.4. Linearization of Piecewise Functions for Fuel Bunkering Costs

To determine the fuel bunkering strategy for dual-fuel vessels, the fuel bunkering
costs need to be linearized [48]. During the fuel bunkering process at ports, the unit fuel
price decreases with the increase in bunkering amount to reflect the scale discount effect.
Given that the fuel price demonstrates piecewise function characteristics, linearization
processing is necessary. Specifically, Equations (30) and (31) are non-smooth functions
that require linearization. First, the LNG bunkering cost CL

i is linearized by introducing
four continuous variables τ1

i , τ2
i , τ3

i , τ4
i to achieve function linearization, and three binary

variables ϱ1
i , ϱ2

i , ϱ3
i are introduced to constrain the values of these four continuous

variables. Equation (30) is transformed as

CL
i = τ1

i 0 + τ2
i pL

i B1 + τ3
i [p

L
i B1 + λ1 pL

i (B2 − B1)]

+τ4
i [p

L
i B1 + λ1 pL

i (B2 − B1) + λ2 pL
i (HL − B2)], ∀i ∈ PLNG

(58)
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QL
i = τ1

i 0 + τ2
i B1 + τ3

i B2 + τ4
i HL, ∀i ∈ PLNG (59)

τ1
i ≤ ϱ1

i , ∀i ∈ PLNG (60)

τ
j
i ≤ ϱ

j−1
i + ϱ

j
i , j = 2, 3, ∀i ∈ PLNG (61)

τ4
i ≤ ϱ3

i , ∀i ∈ PLNG (62)

τ1
i + τ2

i + τ3
i + τ4

i = xL
i , ∀i ∈ PLNG (63)

ϱ1
i +ϱ2

i +ϱ3
i = xL

i ,∀i ∈ PLNG (64)

τ
j
i ≥ 0, j = 1, 2, 3, 4, ∀i ∈ PLNG (65)

ϱ
j
i ∈ {0, 1}, j = 1, 2, 3, ∀i ∈ PLNG (66)

Subsequently, the VLSFO bunkering cost CV
i undergoes linearization processing,

whereby four auxiliary continuous variables
∼
τ

1
i ,

∼
τ

2
i ,

∼
τ

3
i ,

∼
τ

4
i are introduced to achieve func-

tion linearization, and three binary variables
∼
ϱ

1
i ,

∼
ϱ

2
i ,

∼
ϱ

3
i are introduced to constrain the

values of these four continuous variables. Equation (31) is reformulated as

CV
i =

∼
τ

1
i 0 +

∼
τ

2
i pV

i B1 +
∼
τ

3
i [pV

i B1 + λ1 pV
i (B2 − B1)]

+
∼
τ

4
i [pV

i B1 + λ1 pV
i (B2 − B1) + λ2 pV

i (HV − B2)], ∀i ∈ P
(67)

QV
i =

∼
τ

1
i 0 +

∼
τ

2
i B1 +

∼
τ

3
i B2 +

∼
τ

4
i HV , ∀i ∈ P (68)

∼
τ

1
i ≤ ∼

ϱ
1
i , ∀i ∈ P (69)

∼
τ

j
i ≤

∼
ϱ

j−1
i +

∼
ϱ

j
i , j = 2, 3, ∀i ∈ P (70)

∼
τ

4
i ≤ ∼

ϱ
3
i , ∀i ∈ P (71)

∼
τ

1
i +

∼
τ

2
i +

∼
τ

3
i +

∼
τ

4
i = xV

i , ∀i ∈ P (72)

∼
ϱ

1
i +

∼
ϱ

2
i +

∼
ϱ

3
i = xV

i ,∀i ∈ P (73)

∼
τ

j
i ≥ 0, j = 1, 2, 3, 4, ∀i ∈ P (74)

∼
ϱ

j
i ∈ {0, 1}, j = 1, 2, 3, ∀i ∈ P (75)

3.2. Model Transformation
3.2.1. Transformation of the Fuel Bunkering Model

The auxiliary variables are introduced to obtain the solutions of Model M1. The main
engine fuel consumption amounts φF(vE

i ), φF(vN
i )(1 − yi) and F(vN

i )yi are transformed
into linear expressions, as follows

φF(vE
i ) = G(uE

i ) (76)

φF(vN
i )(1 − yi) = z1

i (77)

F(vN
i )yi = z2

i (78)
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By introducing auxiliary variables, Model M1 is transformed into Model M3, defined
as follows

min Z3 = kC0 +
n
∑

i=1
[pL

i QL
i xL

i + pV
i QV

i xV
i + Cg(xL

i + xV
i )] + pc

n
∑

i=1
(γFL

i + θFV
i )

+pmσ
n
∑

i=1
[dE

i uE
i + dN

i uN
i (1 − yi)] + ε

n
∑

i=1
µi

(79)

subject to

∑n
i=1 (d

E
i uE

i + dN
i uN

i + ti) ≤ 168k (80)

wL
i+1 = wL

i + QL
i − G(uE

i )− z1
i − σdE

i uE
i − z3

i , ∀i < n (81)

wV
i+1 = wV

i + QV
i − z2

i − FPV
i , ∀i < n (82)

wL
1 = wL

i + QL
i − G(uE

i )− z1
i − σdE

i uE
i − z3

i , i = n (83)

wV
1 = wV

i + QV
i − z2

i − FPV
i , i = n (84)

Ta
i+1 = Ta

i + ti + dE
i uE

i + dN
i uN

i , ∀i ∈ P (85)

umin ≤ uN
i ≤ uE

i ≤ umax, ∀i ∈ P (86)

Model M3 retains some constraints from Model M1, specifically including Equations (9)–(16),
(21)–(23) and (26)–(29). The nonlinear constraints in Model M1, namely Equations (8), (17)–(20),
(24) and (25), are transformed into linear constraints Equations (80)–(86). The remaining con-
straints are newly added linear constraints after introducing auxiliary variables, including
Equations (33)–(57). Furthermore, the linearization constraints for fuel consumption functions
outside ECAs should be included.

3.2.2. Transformation of the Model with Fuel Price Discounts

Through the linearization of the bunkering cost in Model M2, the nonlinear terms
have been converted into linear terms. Therefore, Model M2 is transformed into Model M4,
defined as follows

min Z4 = kC0+
n
∑

i=1
[CL

i + CV
i + Cg(xL

i + xV
i )] + pc

n
∑

i=1
(γFL

i + θFV
i )

+pmσ
n
∑

i=1
[dE

i uE
i + dN

i uN
i (1 − yi)] + ε

n
∑

i=1
µi

(87)

Equations (58)–(75) are the newly added constraints for the linearization of bunkering
costs, and the remaining constraints are the same as those in Model M3.

4. Case Study and Sensitivity Analyses
4.1. Relevant Data for the Route and Models

A case study will be conducted on the ship CMA CGM Jacques Saadé, which serves
the Far East–Northwest Europe route. Based on the route information collected from the
CMA CGM and HiFleet website, the actual operational route has been supplemented. On
the basis of the original route, port calls at Port Said, Yantian, and Shanghai Yangshan
ports have been included. The westbound leg of the route departs from Qingdao, China,
passes through Shanghai Yangshan Port, Ningbo, Yantian, and Singapore, and arrives at Le
Havre. The eastbound leg departs from Le Havre, passes through Rotterdam, Hamburg,
Antwerp, Tangier Med Port, Port Said, Port Klang, Yantian, and Shanghai Yangshan ports,
before finally returning to Qingdao. The route map was generated using Adobe Illustrator,
based on the HiFleet website map, as shown in Figure 2. This study assumes that, except
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for Tangier Med, which has no LNG refueling capacity, all other ports can refuel LNG in
the future.

 

Figure 2. The shipping route and ports.

According to the data collected from Clarksons Intelligence Network for the container
liner ship CMA CGM Jacques Saadé, the loading capacity is 23,112 TEU. The other parameter
values are listed in Table 2.

The number of segments for the fuel consumption functions is 100. Route data,
including port calls, berthing time and distance, were collected from the HiFleet website.
According to the data on fuel prices at some ports, the average price of LNG in 2025 is
708 USD/ton, and the average price of VLSFO is 513 USD/ton. Meanwhile, fuel prices at
various ports were collected from the Oil Monster website. However, since this platform
only provides fuel price data for some ports, normally distributed data was generated
for missing data, where the mean equals the annual average fuel price and the standard
deviation is taken as 20 [31]. The related data are shown in Table 3.

Table 2. Parameter values for the two models.

Parameter Value Parameter Value Parameter Value

T 2520 α 10% SFM 206
v0 18.50 β 0.02 ELM 0.8

vmax 22 γ 2.75 PSM 63,840
vmin 10 θ 3.151 C0 225,000
Cg 1000 φ 0.81 B1 1000
HL 8500 σ 0.11 B2 2000
HV 2300 ε 1000 λ1 0.95
s 6 kmax 15 λ2 0.90
pc 70 pm 2100 w0 1000

https://doi.org/10.3390/jmse14070615

https://doi.org/10.3390/jmse14070615


J. Mar. Sci. Eng. 2026, 14, 615 15 of 24

Table 3. Route-related data.

No. Port
Distance, nm Berthing

Time, h
Arrival
Time, h

Price, USD/ton
Outside ECAs Inside ECAs LNG VLSFO

1 Qingdao 395 0 31 0 692 530.50

2 Shanghai
Yangshan 55 0 42 81 668 524.75

3 Ningbo 701 0 45 134 701 611
4 Yantian 1464 0 35 253 696 628
5 Singapore 11,438 219 40 376 606 451
6 Le Havre 0 247 68 1051 711 485
7 Rotterdam 0 304 84 1143 643 430
8 Hamburg 0 396 48 1251 688 485
9 Antwerp 987 455 53 1334 697 419

10 Tangier Med 0 1949 37 1518 — 595
11 Port Said 4902 18 10 1698 728 472
12 Klang 1679 0 106 2099 708 588
13 Yantian 760 0 37 2301 696 628

14 Shanghai
Yangshan 396 0 37 2428 668 524.75

15 Qingdao — — — 2520 692 530.50

4.2. Results

According to the collected data above, we get the solutions for Model M3 using
MATLAB R2023a. For the round-trip voyage, 15 LNG dual-fuel powered ships are required,
with a minimum total cost of USD 10,020,546. The total cost consists of LNG bunkering cost
of USD 3,122,267, VLSFO bunkering cost of USD 1,462,700, carbon tax of USD 1,681,894,
methane slip cost of USD 230,385 and late arrival penalty of USD 148,300. After retaining
two decimal places, the proportion of each cost item can be obtained, as shown in Figure 3.

 

Figure 3. The proportion of each cost item in Model M3.

Table 4 details the planned speeds for each leg, arrival times, whether VLSFO is used
outside these ECAs, and the fuel bunkering amount at each port. As shown in Table 4,
the planned speeds for the liner vessel within the ECAs from Singapore to Port Said are
16.03, 15.49, 14.86, 14.07, 12.97, 13.25 and 12.53 knots, respectively. Similarly, the planned
speeds outside these ECAs can also be obtained. However, the latest arrival times are
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exceeded at the Le Havre, Rotterdam, Hamburg, Antwerp, Yantian and Shanghai Yangshan
ports. This is because, considering the carbon tax and the bunkering fuel cost required
for subsequent voyage legs, the container vessel compromised on the arrival time at these
ports. Table 4 indicates that the vessel engaged in fuel tankering in Singapore, loading
5150.61 tons of LNG, to sustain operations across the long trans-oceanic leg between Singa-
pore and Antwerp. It implies that on long legs, the model favors ensuring fuel feasibility
rather than achieving speed optimality. It also bunkers VLSFO at Shanghai Yangshan
Port, Antwerp, Port Said, and Shanghai Yangshan Port, with amounts of 230.00 tons,
2070.00 tons, 287.24 tons and 638.59 tons, respectively. Among these ports, Antwerp has
the lowest VLSFO fuel price, with a bunkering amount of up to 2070.00 tons.

Table 4. The solution derived from Model M3.

No Port
Speed, kn

Arrival
Time, h

yi

Bunkering Amount, ton

Outside
ECAs

Inside
ECAs LNG VLSFO

1 Qingdao 16.18 — 0 0 0 0

2 Shanghai
Yangshan 15.76 — 55.42 1 0 230.00

3 Ningbo 15.62 — 100.91 1 0 0
4 Yantian 15.75 — 190.77 1 0 0
5 Singapore 16.08 16.03 318.72 0 5150.61 0
6 Le Havre — 15.49 1083.52 — 0 0
7 Rotterdam — 14.86 1167.47 — 0 0
8 Hamburg — 14.07 1271.92 — 0 0
9 Antwerp 12.97 12.97 1348.07 1 0 2070.00
10 Tangier — 13.25 1512.23 — — 0
11 Port Said 12.53 12.53 1696.29 1 0 287.24
12 Klang 12.36 — 2099.00 1 0 0
13 Yantian 11.41 — 2340.85 1 0 0

14 Shanghai
Yangshan 10.28 — 2444.48 1 0 638.59

15 Qingdao — — 2520 — — —

Model M4 considers the effect of fuel price discounts on decision-making. The results
show that 15 ships are required to complete the weekly liner transportation service, with a
minimum total cost of USD 9,748,737. The total cost consists of the LNG bunkering cost
of USD 3,367,085, VLSFO bunkering cost of USD 966,140, carbon tax of USD 1,636,540,
methane slip cost of USD 291,862 and late arrival penalty of USD 112,110. After retaining
two decimal places, the proportion of each cost component is illustrated in Figure 4.

The planned speeds for each leg, arrival times, whether VLSFO is used outside these
ECAs, and the fuel bunkering amount at each port are listed in Table 5. Comparing
Tables 4 and 5, it was found that introducing fuel price discounts increases the LNG
bunkering volume from 5150.61 tons to 6005.11 tons, even though Singapore remains
the same refueling port in both scenarios. For VLSFO, without fuel price discounts, the
ship refueled four times, with 230.00, 2070.00, 287.24 and 638.59 tons, respectively, at the
Shanghai Yangshan, Antwerp, Said, and Shanghai Yangshan ports. However, if fuel price
discounts are introduced, this vessel makes only two VLSFO bunkering stops, driven
by the increased refueling amount of LNG. The results indicate that fuel price discounts
have a significant impact on the selection of the LNG refueling volumes and VLSFO
refueling ports.
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Figure 4. The proportion of each cost component to the total operational cost in Model M4.

Table 5. The solution derived from Model M4.

No. Port
Speed, kn Arrival

Time, h
yi

Bunkering Amount, ton
Outside ECAs Inside ECAs LNG VLSFO

1 Qingdao 16.32 — 0 0 0 0

2 Shanghai
Yangshan 15.76 — 55.20 1 0 230.00

3 Ningbo 15.76 — 100.69 1 0 0
4 Yantian 15.66 — 190.17 1 0 0
5 Singapore 16.28 16.18 318.67 0 6005.11 0
6 Le Havre — 15.62 1074.78 — 0 0
7 Rotterdam — 14.86 1158.59 — 0 0
8 Hamburg — 14.07 1263.04 — 0 0
9 Antwerp 13.25 13.25 1339.19 0 0 2070.00

10 Tangier — 13.25 1501.00 — — 0
11 Port Said 12.18 12.18 1685.06 1 0 0
12 Klang 12.52 — 2099.00 0 0 0
13 Yantian 11.29 — 2339.11 0 0 0

14 Shanghai
Yangshan 10.00 — 2443.40 1 0 0

15 Qingdao — — 2520 — — —

As shown in Table 6, considering fuel price discounts, compared with M3, the total
operational cost decreases by USD 271,809, and the fuel bunkering cost decreases by USD
251,742. Specifically, the LNG bunkering cost increases by USD 244,818, and the VLSFO
bunkering cost decreases by USD 496,560. Overall, the total cost, fuel bunkering cost and
carbon tax decreased significantly. Conversely, the LNG bunkering cost and methane slip
cost increased substantially.

Table 6. Cost comparison of liner shipping service between the two models, USD.

Cost Model M3 Model M4 Absolute Change Relative Percent Change

Total operational cost 10,020,546 9,748,737 −271,809 −2.71%
Fuel bunkering cost 4,584,967 4,333,225 −251,742 −5.49%
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Table 6. Cont.

Cost Model M3 Model M4 Absolute Change Relative Percent Change

LNG bunkering cost 3,122,267 3,367,085 244,818 7.84%
VLSFO bunkering cost 1,462,700 966,140 −496,560 −33.95%

Carbon tax 1,681,894 1,636,540 −45,354 −2.70%
Methane slip cost 230,385 291,862 61,477 26.68%

Late arrival penalty 148,300 112,110 −36,190 −24.40%

4.3. Sensitivity Analyses
4.3.1. Fuel Price Difference

Fuel prices are often influenced by a variety of factors and exhibit dynamic fluctuations
over time. The study shows the impact of the price difference δi between LNG and VLSFO
on shipping companies’ operational decisions, δi = pL

i − pV
i . In the sensitivity analysis, it

is assumed that the LNG prices change while other parameters and VLSFO prices are fixed.
The changes of cost, fuel bunkering amount and planned speed are analyzed when the
price difference is set to 100, 200, 300 and 400 USD/ton, respectively. The results are shown
in Figures 5–7.

 

Figure 5. Costs under four fuel price differences.

 

Figure 6. Fuel bunkering amounts under four fuel price differences.
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Figure 7. Average speeds under four fuel price differences.

Figure 5 shows that with the increase in the price difference, the bunkering cost, the
total cost and the ratio between them show an increasing trend. The ratio of fuel bunkering
cost to the total cost increases rapidly, rising from 43.72% to 50.92%. The results show that
when the fuel price difference is significant, shipping companies should optimize the fuel
bunkering strategy of ships, particularly by making timely estimations of changes in LNG
and VLSFO bunkering costs.

Figure 6 provides the fuel bunkering amounts of LNG and VLSFO under four fuel price
differences. When the fuel price difference is 100 USD/ton, the LNG bunkering amount is
the highest, while the VLSFO refueling volume is the lowest. When the fuel price difference
is 200, the LNG bunkering volume decreases by approximately 1000 tons. As the fuel price
difference continues to increase, LNG bunkering volumes have gradually decreased, while
VLSFO bunkering amounts gradually increase, reaching a peak of 3563.12 tons. Shipping
companies should adjust the fuel bunkering volumes timely and closely monitor VLSFO
inventory levels to ensure normal navigation.

Figure 7 shows the changes of average speeds inside and outside these ECAs. With the
increase in fuel price difference, the average speed within these ECAs gradually decreases,
while the average speed outside ECAs gradually increases. This is because the price of
LNG has risen, making the vessel slow down within ECAs, thereby lowering the fuel costs
and complying with emissions regulations. Due to the penalty for delays, the average
speed outside ECAs will increase.

4.3.2. Carbon Tax Rate

Carbon tax policies vary across different regions and there are significant differences
in carbon tax rates. According to data released by the World Bank Group, the carbon tax
rate levied in 2025 ranges from 0.1 USD/ton to 158.8 USD/ton. Therefore, we set the carbon
tax rate to vary between 10 USD/ton and 160 USD/ton. Subsequently, this study analyzes
the impact of carbon tax rate on vessel operational decisions. The results are shown in
Figures 8 and 9.

Figure 8 shows the changes in total costs, carbon tax costs and carbon emissions under
different carbon tax rates. As the carbon tax rate gradually increases, both the total cost and
the carbon tax are rising. The carbon tax rises from USD 237,392.17 to USD 3,811,557.89,
with a growth rate of 1505.60%. When the carbon tax rate is low, carbon emissions increase
initially. When pc = 40 USD/ton, the total carbon emissions are the highest. As the carbon
tax rate continues to increase, the total carbon emissions first decrease rapidly and then
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decrease slowly. The results imply that carbon emissions of ships can be effectively reduced
only when the carbon tax rate reaches a threshold, but it also increases the operational costs
of ships.

 

Figure 8. Costs and carbon emissions under different carbon tax rates.

 

Figure 9. Fuel bunkering amounts under different carbon tax rates.

Figure 9 shows the impact of carbon tax rate on fuel bunkering amounts. Overall,
the LNG bunkering amount initially declines rapidly and then stabilizes at approximately
5200 tons, while the VLSFO bunkering volume increases initially and finally stabilizes at
3100 tons. When pc = 10 USD/ton and pm = 300 USD/ton, carbon and methane taxes are
relatively low, resulting in a higher LNG refueling amount. When pc = 40 USD/ton, the
LNG bunkering volume is significantly reduced by about 580 tons, and VLSFO increases
by about 600 tons.

4.3.3. Methane Slip Rate

Methane slip rate is influenced by the type of ship engines, operating conditions and
post-treatment equipment. Thus, while keeping other parameters constant, we investigate
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the impact of methane slip rate on operational decisions by varying it from 0.03 to 0.18.
The results are shown in Figures 10 and 11.

 

Figure 10. Methane slip costs and amounts under different methane slip rates.

Figure 10 illustrates how methane slip cost and methane slip amount vary under
different methane slip rates. With the increase in methane slip rate, methane slip cost and
methane slip amount show an increasing trend. The methane slip amount increases from
39.75 tons to 174.47 tons, and the methane slip cost increases by USD 283,302.12.

Figure 11 shows the variations in fuel bunkering amount and total carbon emissions
under different methane slip rates. As the rate increases, the bunkering amount of LNG
tends to decrease, while the VLSFO bunkering amount shows an upward trend. When
σ > 0.12 ton/h, the total carbon emissions significantly increase. Relevant authorities
should impose strict regulations on ship engines that cause high methane slip rates to
ensure the effectiveness of ship emission reduction policies.

 

Figure 11. Fuel bunkering amounts under different methane slip rates.
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5. Conclusions
The shipping industry supports the majority of global trade, but the associated severe

air pollution problems cannot be overlooked. The research constructs a basic optimization
model and an improved model that accounts for fuel price discounts. The objective
is to minimize the total costs while meeting emission regulations. The primary work,
conclusions and key insights are as follows

Firstly, this research integrates factors including methane slip, carbon tax, ECA policy,
fuel price discounts and late arrival penalty into the modeling framework. To obtain the
solutions, several nonlinear terms are linearized.

Secondly, a case study is conducted with the liner vessel CMA CGM Jacques Saadé
navigating between the Northwest and Far East Europe. The bunkering amounts of LNG
and VLSFO were calculated, the refueling ports for these two fuels were identified, and the
vessel’s planned speeds were determined.

Finally, the sensitivity of important parameters is analyzed. The results demonstrate
that both fuel price discounts and fuel price differences have substantial effects on opera-
tional costs, carbon tax, bunkering amounts of different fuels, bunkering ports and planned
speeds. When fuel price differences are excessively high, liner enterprises should adjust
bunkering amounts and planned speeds promptly within and outside these ECAs. Only
when the carbon tax rate reaches a specific value will the carbon tax policy exert a significant
influence on reducing carbon emissions. At high carbon tax rates, the carbon emissions
reduction rate slows down, and the marginal benefits of emission reductions decrease, but
the total cost continues to rise. Moreover, the methane slip rate has a substantial impact
on bunkering amounts and total carbon emissions. The results suggest that regulatory
authorities should impose stringent limits on ship engines that exhibit high methane slip
rates, so as to guarantee the effectiveness of emission reduction policies.

However, the effects of fuel switching time, ECA boundaries and co-reductions in
multiple pollutants are not included in this study. In future studies, these factors can be
taken into account. A sensitivity analysis of time window constraints is also recommended.
Emerging technologies, including machine learning and artificial intelligence, offer great op-
portunities for data processing. Besides LNG, which is mentioned in this study, biomethane,
methanol and fuel cells are also recognized as important research hotspots.
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33. Milićević, S.; Blagojević, I.; Milojević, S.; Bukvić, M.; Stojanović, B. Numerical analysis of optimal hybridization in parallel hybrid
electric powertrains for tracked vehicles. Energies 2024, 17, 3531. [CrossRef]

34. Sun, M.; Vortia, M.P.; Xiao, G.; Yang, J. Carbon policies and liner speed optimization: Comparisons of carbon trading and carbon
tax combined with the European union emissions trading scheme. J. Mar. Sci. Eng. 2025, 13, 204. [CrossRef]

35. Tan, R.; Psaraftis, H.N.; Wang, D.Z. The speed limit debate: Optimal speed concepts revisited under a multi-fuel regime. Transp.
Res. D Transp. Environ. 2022, 111, 103445. [CrossRef]

36. Ma, D.; Ma, W.; Jin, S.; Ma, X. Method for simultaneously optimizing ship route and speed with emission control areas. Ocean
Eng. 2020, 202, 107170. [CrossRef]

37. Wang, C.; Liu, X.; Zhou, Y.; Qian, J. Optimization of speed and refueling strategy for liner shipping companies considering
refueling at OPL. Reg. Stud. Mar. Sci. 2025, 89, 104355. [CrossRef]

38. Zhao, Q.; De, A.; Allmendinger, R. Optimization of a dual-fuel engine bunker fuel management strategy. IFAC-Pap. 2025, 59,
1113–1118. [CrossRef]

39. Sheng, D.; Jiang, J.; Wang, H.; Tan, Z.; Wang, Y. Optimal compliance choices for ocean carriers under the sulphur regulation.
Transp. Res. Part D Transp. Environ. 2023, 116, 103639. [CrossRef]

40. Fan, L.; Gu, B.; Luo, M. A cost-benefit analysis of fuel-switching vs. hybrid scrubber installation: A Contain. Route Through Chin.
SECA case. Transp. Policy 2020, 99, 336–344. [CrossRef]

41. Sun, L.; Wang, X.; Hu, Z.; Ning, Z. Carbon and cost accounting for liner shipping under the European Union Emission Trading
System. Front. Mar. Sci. 2024, 11, 1291968. [CrossRef]

42. Spoof-Tuomi, K.; Niemi, S. Environmental and economic evaluation of fuel choices for short sea shipping. Clean Technol. 2020, 2,
34–52. [CrossRef]

43. Tan, R.; Duru, O.; Thepsithar, P. Assessment of relative fuel cost for dual fuel marine engines along major Asian container
shipping routes. Transp. Res. Part E Logist. Transp. Rev. 2020, 140, 102004. [CrossRef]

44. Merien-Paul, R.H.; Enshaei, H.; Jayasinghe, S.G. Effects of fuel-specific energy and operational demands on cost/emission
estimates: A case study on heavy fuel-oil vs liquefied natural gas. Transp. Res. Part D Transp. Environ. 2019, 69, 77–89. [CrossRef]

45. Lan, X.; Zuo, X.; Tao, Q. Container shipping optimization under different carbon emission policies: A case study. Sustainability
2023, 15, 8388. [CrossRef]

46. Zhao, S.; Duan, J.; Li, D.; Yang, H. Vessel scheduling and bunker management with speed deviations for liner shipping in the
presence of collaborative agreements. IEEE Access. 2022, 10, 107669–107684. [CrossRef]

47. Dulebenets, M.A. Green vessel scheduling in liner shipping: Modeling carbon dioxide emission costs in sea and at ports of call.
Int. J. Transp. Sci. Technol. 2018, 7, 26–44. [CrossRef]

48. Yao, Z.; Ng, S.H.; Lee, L.H. A study on bunker fuel management for the shipping liner services. Comput. Oper. Res. 2012, 39,
1160–1172. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jmse14070615

https://doi.org/10.1016/j.seta.2025.104194
https://doi.org/10.3390/en17143531
https://doi.org/10.3390/jmse13020204
https://doi.org/10.1016/j.trd.2022.103445
https://doi.org/10.1016/j.oceaneng.2020.107170
https://doi.org/10.1016/j.rsma.2025.104355
https://doi.org/10.1016/j.ifacol.2025.09.188
https://doi.org/10.1016/j.trd.2023.103639
https://doi.org/10.1016/j.tranpol.2020.09.008
https://doi.org/10.3389/fmars.2024.1291968
https://doi.org/10.3390/cleantechnol2010004
https://doi.org/10.1016/j.tre.2020.102004
https://doi.org/10.1016/j.trd.2019.01.031
https://doi.org/10.3390/su15108388
https://doi.org/10.1109/ACCESS.2022.3211311
https://doi.org/10.1016/j.ijtst.2017.09.003
https://doi.org/10.1016/j.cor.2011.07.012
https://doi.org/10.3390/jmse14070615

	Introduction 
	Literature Review 
	Objectives and Contributions 

	Model Formulation 
	Problem Description and Assumptions 
	Problem Description 
	Compliance Mechanism and Modeling Framework 
	Assumptions 

	A List of the Notations 
	Fuel Bunkering Model for LNG Dual-Fuel Powered Vessels 
	Fixed Operating Cost 
	Fuel Bunkering Cost 
	Carbon Tax 
	Methane Slip Cost 
	Late Arrival Penalty 
	Model Formulation for LNG Dual-Fuel Powered Vessels 

	Fuel Bunkering Model with Fuel Price Discounts 
	Bunkering Cost with Fuel Price Discounts 
	Formulation of the Model with Fuel Price Discounts 


	Linearization 
	Linearization of Nonlinear Terms 
	Linearization of Late Arrival Penalty Functions 
	Linearization of Fuel Consumption Functions 
	Linearization of the Product Terms 
	Linearization of Piecewise Functions for Fuel Bunkering Costs 

	Model Transformation 
	Transformation of the Fuel Bunkering Model 
	Transformation of the Model with Fuel Price Discounts 


	Case Study and Sensitivity Analyses 
	Relevant Data for the Route and Models 
	Results 
	Sensitivity Analyses 
	Fuel Price Difference 
	Carbon Tax Rate 
	Methane Slip Rate 


	Conclusions 
	References

