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ABSTRACT

Amid increasingly stringent greenhouse gas emission (GHG) restrictions, ambitious carbon reduction
targets, and the implementation of carbon tax policies, the cruise shipping industry faces significant
challenges. This paper employs a large cruise ship as a benchmark to analyze the impact of carbon
tax on power distribution using various fuels, with a particular focus on operational efficiency and
cruising speed throughout its voyage. A mathematical model evaluates the ship's economic
performance and navigational efficiency under various carbon tax scenarios, employing a mixed-
integer nonlinear programming method to optimize energy management and reduce operational costs.
The power system of the analyzed cruise ship supports three fossil fuels: very low sulfur fuel oil
(VLSFO), marine gas oil (MGO), and liquefied natural gas (LNG). Under non-taxation scenarios, the
results reveal that cruise ship speed fluctuates minimally with VLSFO and LNG fuels, while MGO
exhibits the most pronounced variations. Under current carbon tax policies, the cruise ship using
VLSFO achieves the lowest fuel cost at €298,039.35—approximately €71,730.48 lower than
MGO—despite incurring the highest carbon tax of €5,464.70. Additionally, the cruise ship using VLSFO
exhibits the poorest energy efficiency operational indicator (EEOI) at 6.30x107-6 t-CO2/t-nautical
miles, exceeding LNG by 2.23x107-6 t-CO2/t-nautical miles. As the carbon tax increases, the cruise
ship's total operational costs increase proportionally, while total voyage GHG emissions decline. With
VLSFO, for instance, operational costs rise from €451,984.00 to €513,652.05 (a 13.64% increase),
while lifecycle GHG emissions decrease from 2,224.45 to 2,191.15 tonnes (a 1.50% reduction). The
cruise ship’s EEOI exhibits a notable reduction, from 8.55x10"-6 to 8.27x10"-6 t-CO2/t-nautical miles,
indicating a 3.15% improvement. This approach offers an effective framework for analyzing cruise
ships' operational costs and navigational efficiency under various carbon tax scenarios.



1 INTRODUCTION

A typical cruise ship, with a passenger capacity
ranging from 100 to 6,000, consumes
approximately 250 tons of fuel daily, significantly
contributing to global carbon emissions [1]. The
International Council on Clean Transportation
reports that emissions growth is outpacing
efficiency gains, highlighting the pressing need for
enhanced carbon control policies [2]. Cap-and-
trade systems and carbon taxes are among the
most widely adopted strategies, with carbon taxes
generally considered more effective in balancing
social and economic costs [3]. Nevertheless,
implementing a carbon tax introduces challenges
due to the intricate economic and market
dynamics. In the cruise industry, operating profits
are impacted by factors such as shipbuilding
costs, fuel prices, and ticket revenues, with the
imposition of a carbon tax further elevating fuel
costs and significantly reducing profit margins [4].
Consequently, an intricate interplay exists
between cruise operational costs and carbon tax
policies. Effective carbon control policies must
account for these industry-specific factors to
achieve emission reductions without impeding the
sector's sustainable development.

The introduction of a maritime carbon tax is
anticipated to substantially impact the power
distribution of ship engines, thereby affecting
various aspects of ship operations. Ship operators
may need to adjust routes to minimize fuel
consumption and reduce exposure to carbon
costs. A study by Tsung-Chen Lee et al., using the
GTAP-E model, analyzes the implications of a
maritime carbon tax policy on freight costs for
container ships [5]. Speed optimization is another
key strategy to reduce emissions and fuel
consumption, although it may extend voyage
duration. Research by Yuwei Xing et al. shows
that higher carbon taxes and stricter emission
caps reduce carbon emissions but also
necessitate more container ships to meet demand
due to slower speed [6]. Additionally, port call
schedules may need to be adjusted more
frequently to align with carbon emission policies
and mitigate costs. Maxim A. Dulebenets
proposes a hybrid mathematical model for green
ship scheduling, which integrates carbon dioxide
(CO:) emission costs during sailing and at ports.

This study suggests that higher carbon
expenditures  will substantially modify ship
scheduling, facilitating more sustainable

operations [7]. In response to carbon taxes, ship
operators are also likely to adopt cleaner fuels,
such as liquefied natural gas (LNG) and methanol,
as a cost-saving measure. Research by Murat
Bayraktar suggests that switching from heavy fuel
oil and marine diesel oil (MGO) to LNG and
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methanol could reduce operational costs by
approximately 31% in scenarios with elevated
carbon taxes while also lowering CO. emissions
[8]. Overall, ship operators will need to optimize
routes, speed, and fuel choices to manage
operational costs and adhere to increasingly
stringent carbon regulations, while fostering the
long-term sustainability of the maritime industry.

Existing research primarily examines the
impact of carbon tax implementation on power
distribution in the cruise ship generator sets, with
a focus on its impact on operational fuel costs,
speed optimization and route selection. However,
many studies fail to account for the full lifecycle
emissions of marine fuels, which can lead to
incomplete or skewed assessments of carbon
taxes’ impact on operational costs. For example,
while some cleaner fuels produce lower emissions
during operation, their production and supply
chain emissions can exhibit considerably higher
levels. A study by the International Maritime
Organization, utilizing a lifecycle assessment,
reveals that the lifecycle greenhouse gas (GHG)
emissions associated with methanol surpass
those of certain conventional marine fuels [9].
Similarly, Jinjin Huang et al. apply lifecycle
assessment to a very large crude carrier operating
between the Middle East and China to analyze the
emissions impacts of alternative fuels. Their
findings indicate that replacing MGO with fossil-
based methanol and ammonia reduces local
emissions but fails to achieve a net decrease in
total annual GHG emissions over the full well-to-
wake lifecycle [10]. Designing effective carbon tax
policies necessitates a full-lifecycle emissions
approach to fuel evaluation by incorporating
upstream emissions to avoid inaccurate
assessments.

This study uses the Costa cruise ship as a
representative case study to assess the impact of
carbon tax policies on power distribution in the
cruise ship generator sets with different fuel
scenarios. The analysis begins by evaluating the
well-to-wake lifecycle carbon emissions of very
low sulfur fuel oil (VLSFO), MGO, and LNG to
provide a holistic perspective on their
environmental implications. A  mixed-integer
nonlinear programming (MINLP) method is utilized
to optimize energy management across the Costa
cruise ship's voyage. The study examines total
voyage operational costs, cruising speed patterns,
and the GHG emissions reduction potential of
different fuel options for the cruise ship under
various carbon tax scenarios.

2 BENCHMARK SHIP AND INPUT DATA

This section provides key details about the
cruise ship under study, including the economic
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and technical specifications of its propulsion
system. It also provides an analysis of the GHG
emission factors of VLSFO, MGO, LNG, and
onshore power supply (OPS) over their full
lifecycle. Finally, this section summarizes the
pertinent carbon tax policies.

2.1 Benchmark ship power system
configurations

This study examines the Costa cruise ship,
focusing on a typical Mediterranean route
characteristic of large Costa vessels. The Costa
cruise ship is 289.59 meters long, 35.5 meters
wide, and has a draught of 8.20 meters. It
operates at a maximum speed of 23 knots and a
cruising speed of 21.5 knots, accommodating up
to 3,780 passengers. Further technical details are
summarized in Table 1.

Table 1. Main particular of Costa cruise ship [11]

Characteristics Value
Length Overall (m) 289.59
Draught (m) 8.20
Service Speed (kn)  21.5

Value
Gross Tonnage (t) 114.29
Breadth (m) 35.5
Max Speed (kn) 23.0

Characteristics
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Figure 1. Ship power system configuration [12]

The power system configuration of the Costa
cruise ship examined in this research is depicted
in Figure 1. The baseline configuration comprises
six Wartsila 12v46C engines fueled by MGO for
electricity generation, alongside two 21 MW
propellers for propulsion. To analyze the impact of
carbon tax policies on power distribution in the
cruise ship generator sets using different fuel
scenarios, the power system is reconfigured with
alternative engine types and configurations. For
example, in the VLSFO fuel scenario, the system
employs three Wartsila 12V 46F and three
Wartsila 9L 46F engines. In the LNG fuel
scenario, three Wartsila 12V 46DF and three
Wartsila 9L 46DF engines are used to ensure a
total capacity equivalent to the original system. To
enhance fuel efficiency and further reduce
emissions, the VLSFO and MGO configurations
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integrate selective catalytic
systems and scrubbers.

reduction (SCR)

2.2 Energy demand and techno-economic
parameters

The fluctuations in electrical load throughout
the voyage, encompassing demands for
hospitality, entertainment, auxiliary machinery,
and control systems, are depicted in Figure 2. At
maximum cruising speed, total power demand
peaks at 21,531.54 kW, while the minimum load
during port stays is 7,015.92 kW. Besides, Figure
3 llustrates the relationship between cruising
speed and propulsion energy demand, with a
peak of approximately 35,932.52 kW at 23 knots.
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Figure 2. Electrical power hourly distribution [13]
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Figure 3. The relationship curve between ship
speed and propulsion power [12]

Table 2 outlines the fuel consumption of the
engines based on Wartsila specifications, while
Table 3 summarizes the associated maintenance
costs for the power systems. Table 4 provides a
comparison of prices and lifecycle GHG emissions
for the three fuels assessed in this study—MGO,
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VLSFO, and LNG—available in the port of
Rotterdam. Notably, LNG exhibits marginally
higher GHG emissions than MGO, largely due to
methane leakage during operations, which
amplifies its overall GHG impact. Additionally,
Table 4 also presents a range of onshore power
supply prices, highlighting cost variations across
different ports.

Table 2. Wartsila engine specific fuel oil
consumption [12, 14, 15]

) Fuel Specific fuel oil consumption (g,

E{gge'”e type kJ/kWh)

100% 85% 75% 50%
12v46C MGO 200.54 196.53 196.47 209.43
12V46F VLSFO 1825 176.8 185.9 195
9L46F VLSFO 185.3 178.7 188.8 197.9
12V46DF LNG 7350 7485 7594 8071
9L46DF LNG 7350 7485 7594 8071

Table 3. Maintenance cost of different equipment
[16]

Maintenance cost

Equipment type (T,\;’:f\‘,' pﬁwﬁ) (€/kWh, €/kg SO,
’ removed)

Diesel generator set 75.6 0.012

Dual fuel generator set  72.135 0.012

Battery 4000

Scrubber 0.395

SCR - 0.006

Table 4. Economic and lifecycle emission
parameters of fuel and the onshore power supply
[17-19]

Energy Energy cost  GHG (kg/kg Sulphur
type (E/t, €/kwh)  fuel, kg/kWh)  content (%)
MGO 691.31 3.76 0.15
VLSFO 523.22 3.75 0.5

LNG 654.37 431

Onshore 0.127-0.539  0.3619

power supply

2.3 Carbon tax policy

The carbon emission cost refers to the cost
incurred through a carbon tax, which allows the
emission of 1 ton of CO: or an equivalent amount
of higher-impact GHGs, such as nitrous oxide and
methane. These allowances can be obtained,
bought, or exchanged in trading markets. The
projected carbon tax values for 2030 and 2040 in
the European Union are derived from the World
Energy Outlook report, with annual estimates
calculated through interpolation. Figure 4
illustrates four scenarios, including non-taxation
(NT), current policies (CP), stated policies (SP),
and sustainable development (SD). The non-
taxation scenario assumes no carbon pricing,
reflecting the current marine industry situation,
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while the current policies scenario considers
policies implemented by mid-2017. The stated
policies scenario is current policies and today’s
policy intentions and targets. The sustainable
development scenario outlines policies to meet
the UN's 2030 Sustainable Development Agenda,
representing the long-term vision for the energy
sector.

120 |—=—SD L
. —o— SP . P
O®100F —— CP .,l’ i
I —v— NT g
(D ./.
= 80+ o’ -
&JI .,.

7/
8 60+ o 8
L J
£ 40 4
c - / o-0-0-9 -
8 o ,.--:::3::::::::.1-2-1-A
8 20+ /_," e g 8
a/act
Or ~V-V-V-V-V-V-V-V-V-V-V-V-V-V-V-V-V-V-V
2020 2025 2030 2035 2040
Year

Figure 4. Carbon tax scenarios [20]

3 MATHEMATICAL MODEL OF SHIP POWER
SYSTEM

This section focuses on developing an
optimization model for ship energy management
through the MINLP methodology and provides a
comprehensive analysis of the objective functions
and constraints.

3.1 Ship energy management strategy

The ship energy management strategy is
designed to optimize onboard equipment
operation, considering external load conditions
and operational characteristics across various
energy sources. This strategy aims at minimizing
operational costs while ensuring safety and
efficiency. This problem is conventionally modeled
as a MINLP problem, as it entails optimizing
discrete variables (e.g., equipment start/stop
decisions) alongside continuous variables (e.g.,
equipment output levels). The branch-and-bound
method, widely used in MINLP problems,
originates from the pioneering work of Land, Doig,
and Dakin in the 1960s [21]. The fundamental
principles of the branch-and-bound approach are
discussed in detail in this section. The overall
process flow of the algorithm is depicted in Figure
5. For maximization problems, the algorithm
iteratively refines the lower bound (denoted as z)
by leveraging it to prune non-optimal nodes. This
refinement occurs when the optimal solution to a
subproblem is identified, thus improving the
objective function value. The optimal solution of a
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subproblem establishes a lower bound for z.
Additionally, the algorithm integrates a mechanism

to determine the upper bound of the subproblem’s
objective value.

Initialization (Maximization);
Put initial problem S at the root node;

Lower bound z=-
Incumbent=void;

Stop
Incumbent solution is optimal;
Optimal objective=z;

.| Choose the next active node on
the tree (say S")

rl

Yes

7 <z
4—( Prune by optimality H Inctllfn_bentixh‘zn?:?

s it possible to find the
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Create nodes S* where §=U* 8% _
‘And add them to the tree as children of §'

Figure 5. General branch and bound algorithm of MINLP problem [22]

3.2 Objective function

The primary optimization objective of this study
is to minimize the operational cost feost, as defined
by the calculation formula below.

f +f

+ f OPS + ftax + fpunish (1)

cost — ffuel main

Where:

e fie denotes the fuel expenditures for each
operational phase of the generator set, expressed
in €, with the calculation formula provided below.

158-OPH

ffuel = Z ZSfCt,s : Pt,s 'ht ’Cfuel (2)

t=1 s

Where t denotes the t-th operational phase of a
power facility; OPH represents the total
operational hours during which the ship is
connected to onshore power supply; s represents
the s-th generator set; P:s denotes the power
output of the generator set s during phase t in kW;
h; refers to the operational hours of phase t; Ciel
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denotes the price of various fuel types in €/kg;
sfcis represents the amount of fuel consumed, in
kg/kWh, during the t-th operational phase.

The fuel consumption of the generator set can
be accurately modeled using segmented linear
functions, as illustrated below.

sfcg (P, (1)) = ag,i P () + ﬂg,i (3)

Where Pp,(t) is the power output of the i-th
ship's generator set at time t in kW; a"p;and b,
are the coefficients derived from the fitted linear
function.

e fnan represents the maintenance cost of
each piece of equipment in €, and the
corresponding calculation formula is as follows.

158-OPH

fmain = z ZCm,s : Pt,s 'ht (4)

t=1 s

Where Cns denotes the maintenance cost
factor of the s-th facility in €/kWh.
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e fops represents the onshore power supply
cost incurred by the ship while docked at port,
expressed in €, with the corresponding calculation
formula as follows.

OPH

fops = ZCOPS 'Pops,t ht 5)

t=1

Where Cops represents the onshore power
supply cost factor in €/kWh; Pops: denotes the
onshore power supply in the t-th operational
phase in kW.

e fiax is the cost due to carbon taxation price
for the GHG emissions concerning the generator
set and onshore power supply in €, the specific
calculation formula is as follows.

158-OPH
ftax = ( z ZSfCt,s ’ Pt,s : ht 'CfueIGHG - Efuel
t=1 s
OPH (6)
+)> P

OPS,t 'ht 'COPSGHG - EOPS) 'Ctax
t=1

Where Ciax denotes the GHG emissions carbon
tax in €/ kg. Creiche denotes the GHG emissions
factor of marine fuels in kg-GHG/kg-fuel. Copschc
denotes the GHG emissions factor of onshore
power supply in kg-GHG/kWh. Ene and Eops
represent 80.75% of the GHG emissions from fuel
use and onshore power supply, respectively,
throughout the entire voyage of the cruise ship
under the non-taxation scenario [23].

e fuunish represents the start-stop constraints
for the generator set, designed to avoid frequent
switching on and off of the equipment.

158-OPH

1:punish = Z Z(PHLS - Pt,s ) : Cpunish (7)
t=1 s

Where Cpunish is the penalty coefficient for the
start-stop operations of the generator set, set at
€1000.

3.3 System constraints

The optimization constraints in this study are
divided into two main categories: energy balance
constraints and equipment output constraints. The
energy balance constraints primarily address the
electrical energy equilibrium within the system.

(1). Electricity balance constraints
The electrical load of the ship is managed by

six generator sets, and the following equation
governs the electrical balance.
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Z PD,i (t)- XD,i (t)- Mgen t Pops (t) - Xops (1)
= va (t) + Photel (t) + PBal (t)

Where Xp,(t) represents the operational status
(on/off) of the i-th generator set at time t; nNgen
indicates the operational efficiencies of the
generator, typically set at 0.97; Pops,(t) denotes
the power output of the onshore power supply at
time t in kKW; Xopsi(t) represents the operational
status (on/off) of onshore power supply at time t;
Photel(t) indicates the electrical load required by the
ship's hotel services at time t in kW; Pgaf(t)
denotes the battery power output at time t in kW,
Pys(t) indicates the electrical load required for the
ship's navigation systems at time t in kW.

(8)

The relationship between the propulsion load
and ship speed is provided, as follows:

va (t) =CV (t)2 +CyVv (t) +Cg (9)

Where v(t) represents the ship's speed at time
t in kn; c1, czand cz are coefficients related to the
ship's speed.

This equation is crucial for optimal power
management, as it reflects the relationship
between the cruise ship's propulsion load and
cruising speed. By adjusting the cruising speed,
the propulsion power demand can be optimized,
with different speed corresponding to varying
power requirements.

(2). Generator set power constraints

The output power of the generator set is
constrained within a range typically between 25%
and 90% of its nominal capacity [24].

Py <P, (t) <P (10)
(3). Battery energy constraints

The energy constraints on the battery primarily
limit its discharge and charge capacities. To
prolong battery life, the state of charge (SOC)
must be maintained within a specified range
(0.25-0.85 in this study) [25], as follows:

soc,, <soc(t)=es® cs0c

ESS

Eess(t -1+ —PESS ®) - At,
Eess (1) = Myc
Epss (t =D + Pegs (1) - 77, - Al, P () 20

PESS (t) < 0 (11)

158

Z PESS (t) =0

Page 7



Where Eess(t) denotes the battery capacity at
time t in kWh; Pess(t) represents the battery power
at time t in kW; nen and ngqc indicate the charging
and discharging efficiencies of the battery,
respectively, which is set at 0.97 [26]; At refers to
the charging or discharging duration, in hours.

(4). Voyage distance constraint

Dis(t) = Dis(t 1) +v(t)- At
> v(t)-At > Dis (12)

Where Dis(t) represents the distance covered
by the cruise ship at time t in the nautical mile;
Dis;_refers to the distance between location i and
location j in the nautical mile.

(5). Speed constraint

0 <V, (1), v, (1) < 4 (kn) 13)

4 <v,,(t) <23 (kn)

Where vgep(t) and vapp(t) represent the cruise
ship's speed during departure and approach to the
port, respectively; vcu(t) refers to the ship's
cruising speed during normal operations when it is
sailing between ports.

4 RESULTS

The results section details the distribution of
power and variations in cruising speed of the
cruise ship across various fuels in the non-
taxation scenario. Subsequently, the analysis
focuses on changes in operational costs under
current policies for different fuel types. Finally, the
study investigates trends in operational costs and
the Energy Efficiency Operational Indicator (EEOI)
as the carbon tax increases across each fuel type.

4.1 Power distribution of the cruise ship
using different fuels

The distribution of power between the
generator and battery systems when the cruise
ship operates on MGO, VLSFO, and LNG fuels
are shown in Figure 6 to Figure 8 respectively.
The battery stabilizes generator output, enabling
the engine to operate with improved efficiency.
Additionally, the figures highlight that the battery
predominantly charges during the voyage and
discharges when docked to meet the cruise ship’s
electrical  requirements.  Nevertheless, the
battery's charging and discharging patterns exhibit
significant  variations across different  fuel
conditions. For instance, Figure 6 shows that,
between hours 111 and 121, the battery charge
level is significantly higher under MGO fuel
compared to the other two fuel conditions. This
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behavior is attributed to the higher cost of MGO
fuel relative to the other two fuels, coupled with
lower onshore power supply prices during this
period, rendering onshore power supply more
cost-effective than MGO-based generation.
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Figure 6. Power distribution of the cruise ship
using MGO fuel
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Figure 7. Power distribution of the cruise ship
using VLSFO fuel
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Figure 8. Power distribution of the cruise ship
using LNG fuel
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The cruising speed and voyage performance of
the cruise ship under a non-taxation scenario
when using MGO, VLSFO, and LNG fuels are
illustrated in Figure 9. Minimal speed variations
are observed with LNG and VLSFO fuels,
whereas MGO fuel demonstrates more significant
speed fluctuations. This discrepancy arises from
the generator configurations: the MGO system
utilizes a single-specification generator, while the
VLSFO and LNG systems incorporate one high-
power generator alongside three low-power
generators, offering greater flexibility in power
adjustments and resulting in more stable output.
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Figure 9. Cruise ship voyage using different fuels
under the non-taxation scenario

4.2 Impact of different fuels on cruise ship
speed and operational costs under
current policies

This section analyzes cruising speed and
operational cost variations of the cruise ship under
current policies using MGO, VLSFO, and LNG
fuels. Figure 4 highlights government projections
for a carbon tax of 13.41 €/ t GHG by 2025. Figure
10 illustrates variations in cruising speed across
the three fuels after the implementation of the
carbon tax policy. Compared to Figure 9, the
carbon tax policy results in greater speed
fluctuations, particularly for MGO fuel. The
introduction of the carbon tax notably amplifies
battery charge-discharge cycles, especially
around port entry and exit, further intensifying
speed variability.

Figure 11 depicts the battery's charge-
discharge patterns under different fuel conditions.
The figure indicates that the battery's charge-
discharge state is largely comparable when using
VLSFO and LNG fuels. However, with MGO fuel,
the charge-discharge state exhibits abnormal
behavior. Notably, when the ship operates on
MGO fuel between hours 65 and 110, the
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battery’s SOC remains relatively stable, indicating
that the MGO generator operates within a high-
efficiency range during this period.
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Figure 10. Cruise ship speed with different fuels
under the current policies
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Figure 11. Battery SOC with different fuels under
the current policies
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Figure 12. Fuel and onshore power supply costs,
as well as the EEOI, for the cruise ship using
different fuels under the current policies
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The fuel and onshore power supply costs, as
well as the EEOI values across various fuel
conditions, are depicted in Figure 12. The data
suggest that onshore power supply costs and
associated carbon taxes remain largely consistent
across fuel types. The fuel cost is highest with
MGO at €369,769.83, surpassing VLSFO fuel
costs by €71,730.48. However, VLSFO incurs the
highest carbon tax cost at €5,464.70, exceeding
MGO's carbon tax cost by €404.94. In contrast,
the LNG-fueled generator exhibits the lowest
EEOI at 6.297 x 10 - ® t-CO.ft-nautical mile,
approximately 35.47% lower than VLSFO's
highest EEOI, underscoring LNG's advantage in
minimizing CO- emissions during operation.

4.3 Impact of carbon tax policy on cruise
ship speed and operational costs

Figure 13 illustrates the variations in cruising
speed under different carbon tax policies for
VLSFO fuel. As the carbon tax increases, speed
fluctuations progressively decrease. At a €150/ton
GHG carbon tax, the maximum cruising speed
reaches 19.63 knots, which is 0.38 knots higher
than in the non-taxation scenario. In high-carbon-
tax scenarios, the ship prioritizes onshore power
supply charging, enabling the generator to operate
more efficiently and deliver greater output for
direct propulsion at sea. Figure 14 illustrates the
SOC of the battery with VLSFO generators under
varying carbon tax policies. The data reveal that
between hours 65 and 72, the battery continues
charging under the €150/ton GHG carbon tax
policy, whereas it discharges under the other two
policies. This behavior occurs because, at higher
carbon tax levels, onshore power supply becomes
more cost-effective than generator-based power.

Figure 15 depicts variations in GHG emissions
from the cruise ship and onshore power supply
under different carbon tax policies. The results
demonstrate that higher carbon taxes significantly
reduce the ship's GHG emissions, particularly for
VLSFO, where emissions decline from 2139.60
tons to 2072.16 tons. By contrast, MGO exhibits a
modest reduction of 34.54 tons. Furthermore,
increasing carbon taxes result in gradual rises in
onshore power supply emissions, with VLSFO and
LNG exhibiting the most significant changes. In
the non-taxation scenario, VLSFO yields the
lowest onshore power supply emissions at 84.86
tons, whereas under the maximum carbon tax,
LNG achieves the lowest emissions at 116.46
tons, approximately 2.53 tons lower than VLSFO.
MGO produces the highest onshore power supply
emissions, increasing from 103.50 tons to 121.79
tons. However, the total GHG emissions from both
the fuel and onshore power supply sources will
decrease. For instance, with VLSFO, the overall
lifecycle carbon emissions decrease from
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2,224.45 tons to 2,191.15 tons,
reduction of 1.50%.

reflecting a

Figure 16 illustrates the operational costs
associated with MGO, VLSFO, and LNG fuels
under various carbon tax policies, covering
maintenance, generator startup/shutdown, fuel,
onshore power supply, and carbon tax costs. The
results indicate that as the carbon tax increases,
maintenance and startup costs remain stable, fuel
costs gradually decrease, while onshore power
supply, fuel carbon tax, and onshore power supply
carbon tax costs increase. Across all carbon tax
policies, fuel costs consistently constitute the
largest proportion, followed by onshore power
supply and maintenance costs. Under a €75/ton
GHG carbon tax policy, fuel carbon tax costs
exceed generator startup/shutdown costs; in a
€150/ton GHG carbon tax policy scenario, fuel
carbon tax costs for MGO and VLSFO are
comparable to maintenance costs, while LNG’s
fuel carbon tax costs approach those of LNG
generator maintenance.

21
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Figure 13. Cruise ship speed using VLSFO
generators under different carbon tax policies
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Figure 14. Battery SOC using VLSFO generators
under different carbon tax policies
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Figure 15. GHG emission variation curves of
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different carbon tax policies
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increasing the carbon tax significantly reduces the
ship’s EEOI, contributing to lower CO. emissions
during operation. Among the three fuels, MGO
exhibits the highest EEOI value, while LNG has
the lowest. VLSFO experiences the most
significant impact from the carbon tax, as its EEOI
decreases from 8.55 x 10 ® to 8.28 x 10 *
t-CO./t-nautical mile, a 3.15% reduction.

Table 5. Total costs of the cruise ship under
various carbon tax policies

Carbon tax Ship MGO Ship VLSFO  Ship LNG

(€/t GHG) cost (K€) cost (K€) cost (K€)

0 534175.47 451984.00 450876.89
25 544244.61 462890.13 461649.37
50 554290.97 473165.78 472308.95
75 564207.34 483580.63 482934.99
100 574046.82 493532.51 493396.70
125 583912.46 503744.48 503712.75
150 593763.19 513652.05 514060.12

Table 6. EEOI of the cruise ship under various
carbon tax policies

abcabcabcabcabcabcabec

0O 25 50 75 100 125 150
Carbon tax (€/t GHG)

a: MGO; b: VLSFO; c: LNG;

Figure 16. Operational costs of the cruise ship
under various carbon tax policies

Table 5 provides a summary of the total
operational costs for the cruise ship with MGO,
VLSFO, and LNG fuels under different carbon tax
policies. The data indicate that across different
carbon tax policies, the total cost is consistently
highest for MGO fuel, rising from €534,175.47 to
€593,763.19, an increase of 11.15%. However,
under a carbon tax policy ranging from €0 to
€125/ton GHG, the cruise ship using LNG fuel
incurs the lowest operational cost. At €150/ton
GHG, VLSFO achieves the Ilowest -cost,
amounting to €513,652.05 and resulting in a
savings of approximately €410 compared to LNG.
This is because, over its lifecycle, the GHG
conversion factor for VLSFO is lower than that of
LNG.

Table 6 presents the EEOI for the cruise ship

using MGO, VLSFO, and LNG fuels under
different carbon tax policies. The data indicate that
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Carbon tax  Ship MGO Ship VLSFO  Ship LNG

(€/t GHG) EEOI (X10® EEOI(X10® EEOI(X10°
t-:CO./t- naut  t-CO,/t- naut  t-CO,/t: nauti
ical miles) ical miles) cal miles)

0 8.20 8.55 6.35

25 8.15 8.50 6.29

50 8.14 8.47 6.30

75 8.07 8.41 6.25

100 8.07 8.35 6.21

125 8.07 8.32 6.20

150 8.06 8.28 6.17
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5 CONCLUSIONS

This study employs a MINLP methodology to
optimize energy management throughout the
cruise ship's voyage, aiming to minimize the
operational costs.

(2). In the non-taxation scenario, the generator
operates efficiently with MGO, VLSFO, and LNG
fuels, while the battery predominantly charges
during sea operations. Under these conditions, the
cruise ship experiences minimal speed
fluctuations, enabling smoother operations with
VLSFO and LNG fuels.

(2). Under current policies, cruising speed
fluctuations increase significantly, especially when
using MGO fuel. Moreover, under current policies,
the cruise ship using VLSFO achieves the lowest
fuel cost at €298,039.35, which is approximately
€71,730.48 lower than MGO fuel, despite incurring
the highest carbon tax of €5,464.70. Additionally,
VLSFO records the highest EEOI at 6.3 x 10°©
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t-COz/t-nautical mile, which is 2.23 x 10 ~°©
t-CO2/t-nautical mile higher than LNG.

(3). As carbon tax levels rise, the cruise ship's
total operational costs progressively increase,
while carbon emissions decline. For instance, with
VLSFO, operational costs increase from
€451,984.00 to €513,652.05, reflecting a 13.64%
rise, while lifecycle carbon emissions decrease
from 2,224.45 tons to 2,191.15 tons, representing
a 1.50% reduction. Simultaneously, the EEOI
decreases from 855 x 10 "° to 8.27 x 10 °©
t-CO./t-nautical mile, indicating improved energy
efficiency.

6 DEFINITIONS, ACRONYMS,

ABBREVIATIONS

COy: Carbon dioxide

CP: Current policies

EEOI: Energy efficiency operational indicator

GHG: Greenhouse gas

LNG: Liquefied natural gas

MGO: Marine gas oll

MINLP: Mixed-integer nonlinear programming

NT: Non-taxation policies

OPH: Total operational hour in port

OPS: Onshore power supply

SD: Sustainable development

SCR: Selective catalytic reduction

SOC: State of charge

SP: Stated policies

VLSFO:  Very low sulfur fuel oil

Chuel: Fuel price

Cops: Onshore power supply cost factor

Cm,s: Maintenance cost factor of the s-th
facility

Chpunish: Penalty factor for the start-stop
operations of the generator set

Crax: GHG emissions factor

Dis: Distance covered by the cruise ship

Disioj: Distance between location i and
location j in nautical mile

Eess: Battery capacity

feost: Operational cost of ship

fruel: Operational fuel cost of ship

fmain: Maintenance cost of each equipment

founish: Start-stop constraints for the
generator set

fops: Onshore power supply cost of ship

ftax: Carbon taxation price cost of ship
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ht: Operational hours of phase t

Psat: Battery power output

Po: Power output of the ship's generator
set

Pess: Battery power

Popsit: Onshore power supply in the t-th
operational phase

Photel: Electrical load required by the ship's
hotel services

Popsit: Power output of the onshore power
supply in the t-th operational phase

Pts: Power output of the generator set s

Pvs: Electrical load required for the ship's
navigation systems

sfcis: Amount of fuel consumed

Vv Ship's speed

Vapp: Cruise ship's speed approach to the
port

Veru! Ship's cruising speed during hormal
operations

Vdep: Cruise ship's speed departure to the
port

Xp,i: Operational status of the i-th
generator set

Xops it Operational status of onshore power
supply

Rch: Charging efficiencies of the battery

Ndc: Discharging efficiencies of the battery

Ngen: Generator efficiencies

At Charging or discharging duration
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