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Abstract. The regulations introduced by the International Maritime Organization
(IMO) and, to an even greater extent, by the European Union (EU) regarding mar-
itime emissions present increasing challenges for shipping companies. The IMO
Carbon Intensity Indicator may restrict the operations of less environmentally effi-
cient vessels, while the inclusion of ships in the EU Emissions Trading System and
the limits on greenhouse gas intensity are progressively integrating the concept of
a carbon tax for vessels operating within, to, or from the EU. Furthermore, start-
ing May 1, 2025, the Mediterranean Sea will be designated as a Sulphur Emission
Control Area (SECA), requiring ships without scrubbers to use the more expensive
Marine Gas Oil. This study quantifies the financial impact of these regulations by
analysing fuel and emissions costs associated with a typical West Mediterranean
cruise across different years. Fuel consumption is estimated using a probabilistic
methodology that accounts for key environmental factors, including wind, sea state,
currents, and ambient air temperature. The method is applied to a large cruise ship
equipped with four diesel generators, only two of which are fitted with scrubber
units. The findings indicate that in 2027, compared to a baseline scenario in 2023
when no environmental regulations were in force fuel and emissions costs will in-
crease by more than 60% for the studied cruise.
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1. Introduction

The maritime sector is undergoing a major transformation driven by increasingly strin-
gent environmental regulations. As concerns about climate change and air pollution
mount, international and regional authorities are introducing policies aimed at progres-
sively reduce GreenHouse Gas (GHG) and pollutant emissions from ships. Among these,
the measures adopted by the International Maritime Organization (IMO) and the Euro-

pean Union (EU) are of particular significance.
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On a global level, the IMO has implemented the Carbon Intensity Indicator (CII),
part of its short-term GHG reduction strategy, to monitor and improve the energy effi-
ciency of ships in operation [1]. The CII is expected to affect the operational strategies of
older and less efficient vessels, potentially limiting their market access or forcing costly
retrofits, althought its effectiveness for cruise ships have been questioned [2]. In parallel,
the EU has launched a comprehensive regulatory package, including the extension of the
Emissions Trading System (ETS) to maritime transport [3,4] and the FuelEU Maritime
regulation [5], which sets progressive limits on the GHG intensity of marine fuels used
within, to, and from the EU.

One of the most impactful forthcoming measures is the designation of the entire
Mediterranean Sea as a Sulphur Emission Control Area (SECA), effective from May 1,
2025 [6]. This will require ships sailing in the region to either install exhaust gas cleaning
systems (scrubbers) or switch from Very-Low-Sulphur-Fuel-Oil (VLSFO) to ultra-low-
sulphur fuels such as Marine Gas Oil (MGO). If the ship is equipped with exhaust gases
treatment systems to remove sulphur oxides (scrubbers), the ship during navigation can
continue employing High-Sulphur-Fuel Oil (HSFO).

These evolving policies introduce both direct and indirect costs for ship opera-
tors, particularly for cruise lines, as new technologies and operational strategies are
adopeted [7,8]. Large passenger vessels with diesel-electric powerplants often operate in
or near regulated zones for extended periods, making them especially sensitive to fuel and
emissions-related costs [9]. Understanding and quantifying the economic consequences
of these regulatory changes is therefore essential for stakeholders including shipowners,
policymakers, and environmental analysts.

Studies have so far addressed the economic impact of the EU ETS for cruise ships,
with particular attention to cold ironing [10,11]. Limited work has examined the com-
bined financial burden of the EU ETS and SECA designation on cruise ships along re-
alistic itineraries. This paper addresses this gap by simulating the fuel and emissions
costs of a representative West Mediterranean cruise in four regulatory years (2023, 2025,
2026, and 2027). The study uses a probabilistic simulation methodology tailored for
diesel-electric cruise vessels [9], incorporating environmental variability and standard
operational profiles. Focus has been made on Fresh Water (FW) production, which is ex-
tremely important on cruise ships. In particular, the two options of buying or producing
water onboard are compared from an economic point of view. Emissions are evaluated
on a tank-to-wake basis using EU guidelines and fixed fuel/allowance prices.

The analysis reveals how regulatory evolution affects energy costs and quantifies the
gap between business-as-usual and compliance scenarios. The findings are intended to
support both economic evaluations and strategic planning for cruise operators navigating
a complex regulatory future.

2. Methodology

The methodology presented in this study has been developed to simulate the environ-
mental and economic implications of new regulatory constraints on diesel-electric cruise
ships. In particular, the simulation of one itinerary is carried out for four reference years:
2023 (baseline, pre-regulation), 2025 (partial ETS and SECA), 2026 (expanded ETYS),
and 2027 (full implementation of ETS and fuel constraints). For each year, two opera-
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tional configurations are compared: With FW production on board, using a mix of elec-
tric reverse-osmosis machines and thermal evaporators driven by waste heat from gen-
erators, which increases the load on the auxiliary system; Without FW production, as-
suming that all the FW is bunkered in port, reducing the hotel load but increasing port-
related costs. A total of eight simulation cases are thus analysed. In the following, the
assumptions and simulation processes are briefly described, focusing on the solution of
equilibrium equations and the assessment of the emissions during the execution of an
itinerary.

2.1. Assumptions

The simulation relies on operational and technical assumptions derived from the work
in [9], where a methodology was introduced for the probabilistic assessment of diesel-
electric ship performance in realistic environment. Key simplifying assumptions in this
study are the following.

The ship’s operational profile is divided into four distinct phases: navigation at sea,
transit in canals or restricted waters, manoeuvring, and hoteling during berthing. Daily
ship schedules are fixed and follow a representative itinerary, with typical hotel load
demands derived from design data (e.g. electric balance).

Fuel consumption is computed for conventional marine fuels only: HSFO, VLSFO
and MGO, excluding any alternative fuels or hybrid propulsion systems. Generator dis-
patch follows a standard priority list with equal loads on each active generator, without
optimization of load sharing, thus reflecting a conservative management strategy. Fuel
type is selected depending on scrubber availability and SECA regulations: HSFO can be
used for all engines equipped with scrubbers, for other engines outside SECA waters,
VLSFO can be used; inside, it is required to switch to MGO.

Environmental conditions (wind, wave, current, ambient air temperature) are prob-
abilistically sampled for each leg (i.e. a port-port voyage) of the itinerary from historical
meteorological datasets for the Western Mediterranean Sea as in [9].

Loading condition is adjusted to account for fuel and FW consumption. The ship’s
floating position is assumed always to be even-keel. Initial amount of fuel, FW and
bunkering/supply assumptions as in [9].

Emission factors are adopted from the EU Monitoring, Reporting and Verification
(MRV) regulation [5,12]. All prices are expressed in euros per tonne unless otherwise
stated.

2.2. Simulation Process

The proposed methodology is inherently probabilistic and structured as follows:

1. The itinerary is discretised into legs and sublegs. As mentioned, each leg spans
from one port departure to the next, while sublegs allow environmental condi-
tions, course and speed over the ground to be constant over shorter segments.

2. Probability distributions are defined for key stochastic inputs, including environ-
mental variables (wind, sea state, temperature, currents) and hotel load factors
(based on passenger and crew counts).

3. Monte Carlo sampling is used to generate a large set of deterministic scenarios by
drawing random values from these distributions. Each scenario assumes constant
values along a leg (except for currents, which vary by subleg).
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4. Each deterministic scenario is simulated to compute the values of dependent vari-
ables y, such as propulsion power, fuel consumption, fresh water production, and
emissions:

(a) Scenarios are processed sequentially across all legs and sublegs, accounting
for vessel status (at sea, at berth, in transit or manoeuvring).

(b) For each subleg of each scenario a 3-Degrees of Freedom (DoF) system of
equations is solved to find the equilibrium of longitudinal forces, transversal
forces and yaw moments, determining the required effective thrust from the
propellers, the ship’s heading and the rudder angle to maintain course and
speed with the given environmental conditions. Then, fuel consumption and
emissions are assessed employing standard maps to simulate the onboard gen-
eration system. Finally, the loading condition of the ship is assessed as refer-
ence for the next subleg.

(c) After the simulation of all sublegs composing an itinerary, overall values of
y are assessed for each scenario.

5. In the post-processing phase, statistical indicators—such as mean, median, and
third quartile—are computed for each output variable y. Empirical cumulative
distribution functions ¢d f(y;) are derived and optionally fitted using kernel den-
sity estimation as in [13,14].

2.3. Balance of Forces and Moments

As mentioned, the balance of forces on the ship is expressed in a 3-DOF system consider-
ing surge (X), sway (), and yaw (Mz) components. The reference system is fixed at the
ship’s midship perpendicular, with X pointing forward, Y to starboard, and Z downward,
as shown in Figure 1.

Figure 1. Ship reference system used in the balance of forces [9]
The overall balance of forces is written as:

F= Fpr{)p + Frudder + Fwind + Fwave + thdro = 0, (1)
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The components are described as follows: Propeller force F ) is the thrust vector gen-
erated by the propellers, assumed to act along the longitudinal axis X. The thrust magni-
tude T is one of the primary unknowns in the system and is linked to the effective power
through propulsion efficiency; Rudder force F,,44., includes rudder resistance, lateral
force and yawing moment, depending on the rudder angle §,, flow velocity, and empir-
ical coefficients. The rudder contribution is modelled according to standard maneuver-
ing formulations as in [15]; Wind force F,,;,,; is calculated using empirical coefficients
as a function of the apparent wind velocity Vy,, and direction f3,, using Blendermann
method [16]; Wave-induced force F,,,,. accounts for wave-induced added resistance and
drift forces. These are calculated for irregular seas using semi-empirical expressions pro-
vided in [17], considering significant wave height Hy, zero-crossing period T, and en-
counter angle; Hull hydrodynamic force Fjyq,, includes the bare hull resistance Ry (from
calm water trials) corrected to account for fouling, shallow water and loading condition.
Hydrodynamic drift force and yawing moment are modelled according to [18]. All the
components are evaluated considering the relative speed through the water which takes
into account the current speed.

The unknowns of the system include the actual ship heading y (which may differ
from ship course over the ground due to drift), the required thrust 7 for steady navigation
and the rudder angle J,. The system in Eq. (1) is solved iteratively for force and moment
equilibrium in steady conditions using a thrust region algorithm [19].

2.4. Tank-to-Wake CO, Emissions Assessment

Starting from the required thrust 7' (evaluated through the force balance in Section 2.3),
the brake power is computed as:

T-Vy
Pg =
ns-Mo-Nu-Mr-MNs

@)

where V4 is the ship advance speed, ng is the number of propellers and shafts, 1 is the
propeller efficiency and 1y is the hull efficiency, N is the relative rotative efficiency and
ns is the shaft line efficiency. g and etag are assessed as a function of the longitudinal
component of the ship speed, whereas 1) is evaluated according to the actual functioning
point of the propeller considering fouling. The electric power demand for propulsion is
then assessed as:

nsPp
Porop = ——— A3
prop NrPEM * Nie )

where etapgyy is the Propulsion Electric Motor (PEM) efficiency computed as a function
of load and 7. is the is the efficiency of electric transformers and converters.
The total electrical power demand is the sum of the propulsion and hotel loads:

_ Pprop + Pch + wa + Pscrub + Pconst + Paux

P,
¢ Tow

“

where P, is the power required for cooling or heating, as a function of the ambient air
temperature; Py, is the power needed for fresh water production (e.g., via desalination or
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reverse osmosis systems) if in use; Py, 1S the power required to operate scrubbers, if in
use; Peons 1s the constant hotel load for basic onboard services (e.g., lighting, electronics,
safety systems) function of the phase of the voyage; P, includes auxiliaries loads eval-
uated as a function of the sum of all the other terms; 7y, is the switchboard efficiency,
accounting for electrical distribution losses within the ship.

Under the standard power management system (PMS), the total electrical load is
shared uniformly among the minimum number of generators required to meet demand,
each operating at a load factor /, obtaining the following fuel consumption s, for the
i-th generator burning the j-th fuel type:

Pel

= ————
NG Y| MCR;

iy, =d-SFOC;(l)-1-MCR;-107°. Q)

where 7g is the generator efficiency, MCR; is the maximum continuous rating of the
generators engines, n is the number of active generators, d is a factor to account for fuel
filtering and SF OC|(1) is the specific fuel oil consumption.

Total Tank-to-Wake CO, emissions’ mass is calculated as:

Dl m n
COy = ) Y EFy, iy, ©6)
i=1i=1

where D; is the length of the subleg in nm, V; is the speed over the ground of the subleg
in kn, m is the number of fuel types emplyed in the subleg and EF; is the emission factor
of the j-th fuel defined according the IMO or EU rules.

3. Application

The proposed methodology is applied to a modern diesel-electric cruise ship with a gross
tonnage of 150,000 GT. The ship is equipped with four medium-speed diesel generators,
two of which are fitted with open-loop scrubbers, and operates under a standard power
management strategy. More details about the ship model can be found in [9].

The analyzed itinerary spans one week in the Western Mediterranean, with port calls
at Genoa, Civitavecchia, Palermo, Ibiza, Valencia, and Marseille. The route covers a real-
istic profile for a typical summer cruise in the Western Mediterranean Sea. Furthermore,
all the calls relates to EU ports, hence, all the produced emissions are subject to EU ETS.
More details about the legs, speed and course can be found in [9].

Two operational variants of the itinerary are simulated:

* IT1: FW is produced on board throughout the voyage. Port FW resupply is used
only when the FW tank level drops below a safety threshold of 30% of total capac-
ity. Additional electric power is accounted to operate reverse osmosis machines
during navigation.

* IT2: No FW is produced on board. The ship relies entirely on port-side FW resup-
ply, reducing energy demand but increasing logistical dependency and introduc-
ing higher costs for resupply, which is carried out whenever the FW tanks level is
blow 35% of total capacity.
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Each itinerary is simulated for 3,000 Monte Carlo scenarios per year to account for
environmental and operational variability. Four regulatory years are considered in the
analysis. In 2023, the baseline scenario assumes no application of the EU Emissions
Trading System (ETS) and no Sulphur Emission Control Area (SECA) designation for
the Mediterranean Sea. In 2024, the ETS is partially enforced, with 40% of the ship’s
CO, emissions subject to carbon pricing, while the Mediterranean is still outside SECA.
From May 2025, the Mediterranean becomes a SECA, requiring ships without scrubbers
to switch to low-sulphur fuels, and the ETS coverage increases to 70% of total CO,
emissions. From this date, test ship engines not equipped with scrubbers are compelled
to emply MGO instead VLSFO in navigation, whereas engines with scrubbers can keep
using HSFO. Finally, in 2026, both regulations are fully enforced: the Mediterranean
remains a SECA and 100% of CO, emissions are included under the ETS.

The assumptions on fuel and freshwater prices at each port are summarised in Ta-
ble 1, reflecting typical market conditions as of early 2024.

Table 1. Fuel and freshwater prices at ports (€/ton or €/m>)

Port MGO HSFO VLSFO FW  FW Fee
(€N) (€n) (€N) (€h) €)
Genoa 1011 478 603 2.06 116
Civitavecchia 1017 478 603 3.12 120
Palermo 1011 478 603 3.90 0
Ibiza 1011 478 603 8.92 168
Valencia 952 572 653 3.12 120
Marsille 1011 478 603 3.40 143

The simulation includes updated assumptions on emissions pricing: the EU ETS
carbon allowance price is set at 80.2 €/tCO,.

The analysis compares the total environmental cost (fuel + CO, + FW) across years
and configurations (IT1 and IT2), with particular attention to whether the higher onboard
energy demand associated with freshwater production (IT1) remains economically viable
in the Western Mediterranean even after the enforcement of SECA and full ETS cover-
age. This allows assessment of how operational strategies influence compliance costs in
an increasingly regulated context.

4. Results and Discussion

The simulation results are presented in terms of total environmental costs—comprising
fuel, CO,, and freshwater—for each year and operational variant (IT1 with freshwater
production on board, IT2 without). Figure 2 shows the median and third quartile values
of total costs for each configuration.

Results indicate a significant cost increase over time due to the progressive imple-
mentation of SECA and ETS regulations. In 2023, the baseline cost is lower for both
variants. As regulations take effect, costs rise sharply: by 2026, the total cost increases
by approximately 66% for IT1 and 60% for IT2 compared to 2023. This confirms the
heavy economic impact of ETS and fuel switching under SECA.

Figure 3 presents the full distributions of total cost for both itineraries across years,
illustrating the spread of outcomes generated through Monte Carlo simulations. The cost
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Figure 2. Median and third quartile of total cost by year and itinerary variant.

distributions become broader and more right-skewed over time, indicating increasing
variability and financial risk under future regulatory scenarios.
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Figure 3. Probability distributions of total cost for IT1 and IT2 across the years.

Although IT1 requires more energy due to onboard freshwater production, it con-
sistently results in lower total cost compared to IT2. This is mainly due to the high port
water prices and associated supply fees in many of the visited ports, which outweigh the
additional fuel and CO; costs. Figures 4 and 5 highlight the relative cost increase from
2023 to 2026 for both configurations.

These results demonstrate that onboard freshwater production remains economically
viable (even preferable) despite higher energy consumption. Furthermore, the probabilis-
tic analysis highlights how regulatory changes introduce not only higher costs but also
greater uncertainty, reinforcing the need for robust operational planning.
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Figure 4. Percentage increase in total cost from 2023 to 2026 for IT1.
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Figure 5. Percentage increase in total cost from 2023 to 2026 for IT2.
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5. Conclusions

This study quantifies the financial impact of recent and upcoming environmental reg-
ulations, namely the EU ETS and the designation of the Mediterranean as a SECA,
on fuel, emissions, and FW-related costs for a typical Western Mediterranean cruise. A
probabilistic simulation framework was applied to two operational variants: with and
wihout FW production. Results show that total environmental costs increase by over
60% between 2023 and 2026 due to ETS enforcement and fuel switching required un-
der SECA. Despite its higher energy demand, the FW production strategy remains more
cost-effective in all years considered. However, the profitability gap between the two
strategies narrows over time: IT1 shows a 9% cost advantage over IT2 in 2023, but only
5% by 2026. This reduction reflects the growing cost burden of energy-intensive opera-
tions under a full ETS framework and highlights that the two options are becoming more
comparable in terms of economic performance.

These findings underline the importance of integrated cost modeling under uncer-
tainty and provide actionable insights for cruise operators facing a tightening regulatory
environment. Still, several limitations of the present work must be acknowledged. The
present analysis is valid primarily in the short-term and does not account for the forth-
coming FuelEU Maritime regulation and GHG intensity limits, which will impose ad-
ditional compliance costs beyond 2026. Moreover, CII compliance may progressively
require speed reductions or retrofitting of existing ships as performance thresholds are
lowered over time. To account for these issues, a long-term scenario analysis is advis-
able. Future studies should incorporate fuel lifecycle emissions, GHG intensity penalties,
vessel retrofitting costs, and the operational constraints associated with CII ratings, to
offer a comprehensive picture of compliance strategies and their financial implications.
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