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ARTICLE INFO ABSTRACT

Keywords: Growing environmental awareness and increasingly stringent emission limits are key
drivers in modern ship design. Alongside innovations in energy conversion systems,
overall ship sustainability depends on optimizing electrical systems, propulsion
efficiency, and operational profiles while integrating alternative fuels. This study

Environmental rules

Energy costs

Methane slip examines the energy costs and emission performance of a cruise ship operating in the
Cruise ship sustainability Adriatic Sea over a 25-year horizon (2025-2050), comparing three fuel options: High
Adriatic Sea Sulphur Fuel Oil, Liquefied Natural Gas, and Methanol. The analysis includes Well-

to-Wake emissions, compliance costs related to the EU Emissions Trading System and
FuelEU Maritime, and the evolution of the Carbon Intensity Indicator. In terms of
Well-to-Wake emissions, e-Methanol achieves the lowest Green House Gasses
intensity, while Natural Gas-based Methanol exceeds High Sulphur Fuel Oil due to
upstream contributions. Only bio- and e-Methanol maintain Carbon Intensity Indicator
compliance over the full 25-year horizon. Cost-wise, e-Methanol becomes the most
competitive option by 2040, driven by avoided FuelEU penalties. The findings
highlight the need for an integrated approach combining technological innovation,
efficient energy management, and regulatory adaptation toward sustainable cruise
operations.

1. Introduction

Maritime transport is a cornerstone of international trade, carrying over 80 % of global cargo by volume
[1]. Despite its relative efficiency, the sector remains a major contributor to environmental pollution. It is
responsible for around 3 % of global Green House Gasses (GHG) emissions and approximately 3-4 % of the
EU's total emissions [2, 3]. These emissions include Carbon Dioxide (CO;), Methane (CH4), Nitrous Oxide
(N20), Sulphur Oxides (SOx), Nitrogen Oxides (NOx), particulate matter (PM), and volatile organic
compounds (VOCs), all of which contribute to global warming, ocean acidification, and public health risks.

In response, the International Maritime Organization (IMO) and the European Union (EU) have
implemented comprehensive regulatory frameworks to mitigate the climate impact of shipping, which are
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continually evolving [4, 5]. Regulatory compliance is not merely a legal obligation but a strategic imperative.
Technical standards such as Energy Efficiency Design Index (EEDI) and Energy Efficiency Existing Ship
Index (EEXI) [6-9], operational metrics such as the Carbon Intensity Indicator (CII) [10-13], and economic
instruments such as the EU Emission Trading System (EU ETS), the FuelEU Maritime (FuelEU) and the IMO
Net-Zero Framework [4, 14-17] reflect a broader shift toward performance-based regulation. This approach
encourages innovation while allowing flexibility in achieving compliance, thereby supporting a just and
equitable transition for the maritime sector.

Scientific research is playing an increasingly central role in driving this transformation. Current studies
focus on innovative technologies and operational strategies to reduce ship emissions. [17] provides a seminal
review of approximately 150 studies on GHG reduction measures in shipping, concluding that no single
technological or operational measure is sufficient to achieve meaningful reductions and that a combination of
interventions is required to reach sector-wide targets.

More broadly, current studies address innovative solutions including fuel cells [18, 19], electric and
hybrid propulsion systems [20], batteries [21], and supercapacitors [22], digital tools for design visualization
[23, 24], Carbon Capture and Storage (CCS) technologies [25], speed reduction strategies [26, 27], energy
efficiency assessment tools [28] and fuel consumption models [29, 30]. However, most of these works focus
on technology-specific assessments and fleet-level scenarios, without integrating the combined financial effect
of the overlapping regulatory frameworks now in force.

A first group of recent studies addresses the cost-driven selection of alternative marine fuels for cargo
vessels. In [31] a cost-effective decarbonisation pathway for a deep-sea container ship is identified, assessing
energy-saving technologies and alternative fuels under the EU ETS, FuelEU, CII and EEXI up to 2040, and
concluding that operational measures dominate in the near term while ammonia becomes the most cost-
effective fuel as the regulatory thresholds tighten. The analysis is performed through annualised projections
for predefined scenarios and for a vessel whose energy demand is governed by propulsion. The study
conducted in [32] extends the cost analysis to a fleet of multi-purpose heavy-lift vessels, evaluating six fuels
and incorporating, in addition to the fuel cost, the penalties and credits arising from both the FuelEU Maritime
Regulation and the IMO Net-Zero Framework, with compliance surpluses pooled across the fleet. The EU and
IMO instruments are applied jointly, at fleet level for a cargo segment and under a static carbon price. More
broadly, the inclusion of shipping in the EU ETS and the introduction of FuelEU Maritime have prompted a
growing body of literature on compliance strategies and their economic impacts: in [33], the effects of the EU
ETS across different ship segments and fuel pathways are assessed, finding that bio-methanol (bio-MeOH)
emerges as a cost-effective compliance option for several ship types. In all these cases, however, the
assessment is carried out at fleet or scenario level; none resolves the combined financial impact of the EU
ETS, FuelEU Maritime and CII for an individual cruise ship along its specific itinerary and over the full
compliance horizon, as the present study does.

Regarding cruise ships, studies have so far addressed emissions assessment and the economic impact of
regulations but not simultaneously accounting for Well to Wake (WtW) emissions, EU ETS costs, FuelEU
Maritime penalties, and CII, and when a forecast study is conducted, typically the time horizon considered is
limited to a few years [34, 35]. Studies specifically addressing passenger cruise ships remain limited in scope.
In [36], a WtW comparative analysis of alternative fuels is conducted, including LNG, methanol (MeOH),
and ammonia, evaluating their impact on CII ratings over the period 2023-2026. While this study provides a
valuable ship-level perspective on emission intensity, it does not quantify the financial impact of EU ETS
allowance costs or FuelEU Maritime compliance penalties, nor does it extend the analysis beyond a four-year
horizon. The study reported in [37] compares traditional fuels with seven unconventional fossil, biological
and synthetic alternatives for a small luxury passenger ship, using a Matlab-Simulink model of the mechanical
propulsion system and assessing technical, environmental and economic performance, including GHG
emissions, CAPEX, OPEX (within which the EU ETS is accounted for), EEXI and CII. On the economic side,
they adopt a broader life-cycle scope by including capital expenditure, but they do not incorporate the FuelEU
Maritime penalty and their simulation targets only the propulsion plant for the fuel comparison, assuming a
constant mean ship speed during the navigation from port to port. Research on cruise ships operating in the

2



N. Taucer Marchesi et al. Brodogradnja Volume 77 Number 4 (2026) 77412

Adriatic Sea has so far been largely confined to fleet-level emissions inventories and environmental
performance assessments based on aggregate, non-ship-specific models [38, 39] without addressing long-term
fuel cost competitiveness under the current EU regulatory architecture.

The literature has also examined the climate performance of the candidate fuels independently of
compliance cost, an aspect that is particularly relevant for LNG whose advantage over conventional fuels is
contested on account of methane slip. In [40], a comprehensive environmental and economic lifecycle
assessment of Liquefied Natural Gas (LNG) as a marine fuel is conducted, demonstrating that while LNG
reduces SOx and NOx emissions and offers cost advantages over liquid fossil fuels, its net climate benefit
remains uncertain due to methane slip. Their analysis showed that fossil LNG cannot meet the IMO's 50 %
GHG reduction target unless accompanied by a 35 % improvement in ship energy efficiency, and that methane
slip rates must fall below 0.8-1.6 % for LNG to yield a net climate benefit over Heavy Fuel Oil (HFO).
Building on this finding, the present study incorporates a sensitivity analysis on the methane slip carbon cost
under the FuelEU Maritime and EU ETS frameworks, quantifying its financial impact over a 25-year horizon,
an aspect not addressed in prior regulatory cost assessments.

This paper focuses on the emissions and energy costs of a 181,500 GT (Gross Tonnage) large passenger
cruise ship operating in the Adriatic Sea, comparing three fuels produced from fossil and non-fossil sources.
A complete fuel switch is considered here, without investigating ships equipped with multiple fuel systems.
The Adriatic Sea was selected as the study region because it is a semi-enclosed sea bordered predominantly
by EU member states. The objective is not to identify a single net-zero solution for the cruise sector. Rather,
the study provides a policy-relevant assessment of the long-term economic and regulatory implications of
fuels that are currently deployable or realistically considered in near- to mid-term transition strategies, while
benchmarking them against renewable pathways. The fuels analysed are Heavy Sulphur Fuel Oil (HSFO),
LNG, and MeOH. These were selected because they are currently in use or expected to be adopted in the near
term. HSFO serves as the established reference fuel. LNG adoption is growing globally, including in the cruise
sector. MeOH is increasingly considered as a viable option to reduce passenger ship emissions [41]. Despite
being investigated within the marine decarbonisation literature [19, 42], ammonia and hydrogen were
excluded for the following reasons: ammonia poses toxicity risks that make it unsuitable for passenger ships
in emergency scenarios [43], while hydrogen technology for marine applications is not yet mature [44] and,
due to its low volumetric energy density, would require unreasonably large space for its storage on a passenger
ship or unacceptable reduction of ship range [45]. For MeOH, three production pathways are considered to
capture their different impact on Well-to-Tank (WtT) emissions: natural gas-based MeOH (NG-MeOH), bio-
MeOH, and e-MeOH. Marine Gas Oil (MGO) is additionally used as boiler fuel and as pilot fuel for dual-fuel
engines operating on LNG and MeOH.

Emission levels, EU ETS and FuelEU Maritime compliance costs, and environmental performance
indicators (GHG intensity and CII) are analysed over a 25-year horizon (2025-2050). Capital expenditures
related to fuel-specific systems, such as storage arrangements, safety systems, and engine retrofits, are
intentionally excluded to isolate the effect of fuel choice and regulatory mechanisms on long-term operational
energy costs. The analysis is based on a simulation model specifically developed for cruise ships, requiring a
complete set of inputs: environmental data, itinerary, ship geometry, power management system, passenger
and crew numbers, and design electric balance [46]. Both physical and operational aspects are accounted for,
and emission levels are evaluated in accordance with current regulations. Assumptions on fuel cost and carbon
price evolution over the projected time frame enable a forward-looking forecast of energy costs, including
regulatory penalties.

This study makes four original contributions to the literature. First, although the studies that jointly
account for the EU ETS, FuelEU Maritime and CII address cargo segments, and the cruise-ship literature is
so far confined to emission-intensity metrics or to short forecast horizons, this paper provides a scenario-
based, long-term (2025-2050) energy cost projection for a large cruise ship that quantifies the combined
financial impact of these three instruments. Second, in contrast to fleet-level or route-aggregated models, the
simulation framework adopted here is ship- and itinerary-specific, incorporating environmental conditions,
power management architecture, and design electric balance. Third, the study discusses the potential impact
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of the environmental regulatory framework on cruises in the Adriatic Sea, filling a geographic gap and
identifying the dominant cost drivers shaping the energy costs through 2050. Finally, this work provides a
sensitivity analysis of energy costs as a function of fuel prices and methane slip fraction.

The paper is structured as follows. Section 2 describes the current EU and IMO regulatory framework
and provides an overview of the propulsion and fuel storage technologies considered. Section 3 presents the
methodology, including the simulation algorithm for fuel consumption, the environmental assumptions, the
formulation for emission and energy cost assessment and the sensitivity analysis. Section 4 describes the test
ship, itinerary, and environmental conditions. Section 5 presents and discusses the results in terms of emission
levels, penalty amounts, energy costs, and CII evolution. Section 6 summarises the main conclusions and
outlines directions for future work.

2. General background

In the following, only the regulatory elements and the technical aspects strictly required to frame the
subsequent analysis are presented. Accordingly, the section does not aim to provide a comprehensive review
of current regulations and technologies but is limited to the elements necessary to support the methodological
framework and the discussion of results.

2.1 International Regulations

The decarbonization of international shipping is governed by a multi-layered regulatory architecture,
primarily led by the IMO and increasingly complemented by regional frameworks such as those of the EU.
These regulations aim to reduce GHG emissions through a combination of technical standards, operational
metrics, and market-based mechanisms, while also preparing the sector for a transition to zero and near-zero-
emission fuels.

Along regulatory history exists with respect to NOx, primarily through the IMO, which has progressively
tightened emission limits under Annex VI of the MARPOL Convention since the early 2000s. These tiered
standards (Tier I-1II) have played an important role in limiting air pollutants, particularly in Emission Control
Areas (ECAs). According to MEPC.391(81) [47], the GHGs addressed within the IMO framework include
CO., CHg4, and N2O. Methane and methane slip are therefore explicitly considered in the calculation of the
GHG index. In the maritime sector, methane emissions primarily originate from methane slip in dual-fuel
engines operating on LNG, as well as from incomplete combustion processes associated with other fuel types.
The EU also considers CO2, CHs, and N>O as GHGs and includes them in the FuelEU and EU ETS calculations
(4, 14].

However, there are differences between the EU and IMO approaches. In this regard, it is essential to
distinguish between WtT emissions, which occur during the extraction/production, processing, and delivery
of marine fuels, and Tank-to-Wake (TtW) emissions, which are released during onboard combustion.
Together, these dimensions form the WtW approach, providing a more holistic understanding of the climate
impacts of different fuel pathways and operational profiles. Both the EU and the IMO calculate GHG intensity
considering WtW emissions; however, the former foresees a penalty system linked to the GHG index while
the IMO does not. This divergence in classification and regulatory focus between the IMO and the EU has
significant implications for the alignment of international and regional decarbonization strategies. Moreover,
the IMO framework does not always consider the WtW emissions in its index calculations: for the assessment
of CII and EEDI, IMO only accounts for the TtW CO, emissions, ignoring CHs, N2O, and WtT contributions,
adding another layer of regulatory divergence. In the following, the current rules are briefly analysed to
provide a solid framework for the current study.

2.1.1 IMO Regulations

The IMO has developed a phased regulatory framework to reduce GHG emissions from international
shipping. The Initial GHG Strategy set targets of at least 40 % reduction in CO- emissions per transport work
by 2030 and at least 50 % in total GHG emissions by 2050, both relative to 2008 levels [5]. Short-term
measures (2018-2023) focus on technical instruments: the EEDI, mandatory for new buildings since 2013 [6,
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7]; the EEXI, applicable to existing ships since 2023 [8, 9]; and CII. All these technical instruments establish
minimum energy efficiency thresholds by ship type and size. The medium-term phase (2023-2030) introduces
a set of measures comprising a technical component (a GHG Fuel Standard to regulate fuel GHG intensity)
and an economic component (market-based mechanisms such as carbon pricing or a GHG levy), designed to
internalise emission externalities while ensuring fairness for developing states [48]. The 2023 revised Strategy
further strengthened these ambitions with indicative checkpoints of 20-30 % total GHG reduction by 2030
and 70-80 % by 2040 (relative to 2008), targeting net-zero emissions by or around 2050 adopting a WtW
accounting approach, covering the full lifecycle of marine fuels from production to combustion, to prevent
carbon leakage and avoid displacement of emissions to other sectors [5]. More recently, at its 83™ session
[17], the IMO approved the Net-Zero Framework, a proposed new Chapter 5 of MARPOL Annex VI that
introduces a mandatory GHG Fuel Intensity (GFI) standard, on a well-to-wake basis, for ships of 5,000 GT
and above from 2028. The attained GFI is to be reduced along two trajectories: a Base target and a more
ambitious Direct Compliance target relative to a 2008 reference value of 93.3 gCO2eq/MJ. Non-compliance
is settled through remedial units, over-compliant ships earn surplus units, and the resulting revenues are
directed to an IMO Net-Zero Fund. Formal adoption was subsequently deferred, with negotiations expected
to resume in 2026.

2.1.1.1 Carbon Intensity Indicator

The CII, introduced under MARPOL Annex VI and formalised through resolutions MEPC.346(78) and
MEPC.355(78) [12, 13], is mandatory since January 2023 for ships above 5,000 GT on international voyages,
quantifying operational carbon efficiency as grams of CO: per capacity-mile. Ships receive an annual rating
from A to E with progressively stricter thresholds; a minimum C-rating is required for compliance [12]. An
E-rating in any single year, or a D-rating for three consecutive years, triggers the obligation to develop a
Corrective Action Plan under the Ship Energy Efficiency Management Plan (SEEMP) Part I11, subject to third-
party audit [49]. CII assessments are based on fuel consumption data submitted through the IMO’s Data
Collection System (DCS) and require operators to account for a range of technical and operational parameters,
including fuel type, distance travelled, and vessel capacity as [10]:

Annual emissions

11 = (H

Transport work

where annual emissions account only for the TtW CO> ones (so not taking account of CH4, N>O and possible
slip) and the transport work is given by the product of the actual sailed distance in nautical miles and the
measure of the size of the vessel (Deadweight tonnage, DWT, or GT, according to the ship type). This value,
called attained CII (Cl1,) is then benchmarked against a ship-type-specific Required CII (CI1y) and adjusted
by annual reduction factors (5 % in 2023, increasing by 2 % per year to at least 11 % by 2026) [50]. A
significant methodological limitation is that the CII accounts solely for CO2 mass, excluding CH4, N2O, and
methane slip, which might lead to a systematic underestimation of climate impact, particularly for LNG-
fuelled ships [51, 52]. Further criticisms concern the use of nominal rather than actual cargo capacity as the
denominator, which raises fairness and comparability concerns for ships on irregular or specialised routes,
and the framework's limited sensitivity to real-world variability such as weather conditions and trading
patterns [53-55]. In particular, voyage correction factors and exemptions (codified under MEPC.355(78)) are
still under refinement, and some scholars argue that the CII may inadvertently disadvantage certain ship types
[56]. The planned 2025 review is expected to address some of these gaps and may introduce stricter
enforcement mechanisms or financial penalties for non-compliance.

2.1.1.2 Greenhouse Gas

The IMO's GHG strategy, not yet in force, targets the accelerated adoption of zero or near-zero GHG
emission technologies and alternative fuels, which are expected to represent at least 5 %, ideally 10 %, of the
sector's total energy consumption by 2030 [5]. Central to this approach is the WtW emissions calculation,
which integrates both WtT and TtW components. This dual-part structure is formalised as [47]:
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GHGWL’W = GHGWL’T + GHGTtW (2)

where emissions are expressed in grams of CO» equivalent per megajoule of Lower Calorific Value (LCV) of
the fuel or electricity used onboard [57]. The framework includes provisions for emissions avoided through
onboard carbon capture (OCCS) and underpins the Fuel Life Cycle Label (FLL) certification system, enabling
consistent comparison across fuel types and production pathways. Operationally, it requires shipowners,
operators, and fuel suppliers to integrate lifecycle GHG profiles into decision-making and to ensure data
traceability and third-party verification, thereby promoting low-carbon alternatives such as e-MeOH, green
ammonia, and sustainable biofuels. From a policy perspective, the codification of GHG intensity formulas
provides a robust basis for market-based measures such as carbon pricing, while the modular design of the
system allows future adaptation to scientific and technological advances, ensuring long-term coherence with
the Paris Agreement and the UN 2030 Agenda [58].

2.1.2 EU Regulations

The EU has embedded maritime transport into its broader decarbonization framework, going beyond
IMO requirements. Anchored in the European Green Deal and the "Fit for 55" package (2021), the EU targets
at least 55 % net GHG reduction by 2030 relative to 1990 levels, with the overarching goal of climate neutrality
by 2050 [59]. Maritime shipping, historically regulated primarily through the IMO [2], has been brought into
regional climate policy on three grounds: its heavy reliance on fossil fuels (predominantly Heavy Fuel Oil,
HFO, and MGO) [60], the projected growth of emissions driven by increasing global trade volumes [61], and
the sector's untapped potential for efficiency improvements and fuel substitution [62]. The EU's unilateral
action also reflects the perception that IMO progress is insufficient to meet the Paris Agreement's 1.5 °C target,
and a strategic objective to stimulate technological innovation and exert normative influence on global
regulatory developments. Two cornerstone instruments have been introduced: the extension of the EU ETS to
maritime transport, as a market-based emission pricing mechanism, and the FuelEU Maritime regulation,
which sets binding GHG intensity limits for onboard energy use. Together, they constitute a dual economic
and technical approach aligned with the Union's long-term climate neutrality objective. Notably, EU
regulations have in many respects anticipated the IMO strategy; consequently, the analysis of EU-regulated
routes already offers a forward-looking indication of the regulatory and economic dynamics that may unfold
at a global scale once IMO measures are fully implemented.

2.1.2.1 EUETS

The EU ETS was extended to maritime transport through Regulation (EU) 2023/957, amending
Directive 2003/87/EC, with effect from January 2024 [14]. Allowance surrender obligations are being phased
in gradually: 40 % of verified emissions in 2024, 70 % in 2025, and 100 % from 2026, providing the sector
with time to adapt operations and explore alternative fuels [63]. The regulation applies to ships of 5,000 GT
and above on commercial voyages, covering 100 % of emissions from intra-EU routes (including Norway and
Iceland) and 50 % of emissions from voyages entering or leaving EU ports. This is a geographic scope
designed to encompass EU-connected international activities while avoiding excessive extraterritorial
application. Currently limited to TtW CO> emissions, the framework will progressively broaden its coverage:
monitoring and reporting of CHs and N2O became mandatory from January 2024, with the corresponding
allowance surrender obligations for these gases entering into force from 2026, enabling a more comprehensive
assessment of shipping's climate impact.

2.1.2.2 Fuel EU

The FuelEU Maritime regulation, adopted as part of the "Fit for 55" package and entering into force in
2025 [4], constitutes the technological and operational counterpart to the EU ETS: whereas the latter prices
carbon emissions, FuelEU Maritime sets binding performance standards for the GHG intensity of onboard
energy, driving structural transformation in fuel choices and propulsion systems. The compliance metric is
based on WtW GHG intensity, expressed in gCO2eq/MJ, encompassing both upstream (WtT) and combustion
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(TtW) contributions, and includes a remuneration factor for wind-assisted propulsion. The regulation
introduces a stepwise reduction trajectory relative to the 2020 baseline: 2 % by 2025, 6 % by 2030, 14.5 % by
2035, 31 % by 2040, 62 % by 2045, and 80 % by 2050. Unlike measures that only account for direct TtW
emissions, FuelEU Maritime is based on the WtW GHG intensity of energy carriers, thereby encompassing
both upstream emissions (extraction, production, and transport) and downstream combustion. The compliance
metric, i.e., GHG intensity, is expressed as [4]:

GHGgetyar = fwind(WtT + TtW) 3)

where WtT is Well to Tank contribution, TtW is Tank to Wake contribution, and f,,;,4 is the remuneration
factor for wind-assisted propulsion defined as [4]: equal t0 0.99 if Pying /Byrop = 0,055 0.97 if Pyina /Byrop =
0,1, 0.95 if Pyina/Pyrop = 0,15. This framework applies across a wide range of energy carriers, from
conventional HFO to alternatives such as bio-MeOH, hydrogen, ammonia, and synthetic e-fuels. Moreover,
for Renewable Fuels of Non-Biological Origin (RFNBOs), i.e., all fuels other than biofuels and biogas which
are produced from renewable sources other than biomass, the regulations provide that only the 50% of WtW
emission considered until 2033 with the aim of encouraging their adoption [4, 64]. Compliance is assessed at
the company fleet level on an annual basis; failure to meet the applicable GHG intensity limit results in
financial penalties proportional to both the degree of non-compliance and total energy consumed. The
regulation further mandates the use of Onshore Power Supply (OPS) for container and passenger ships at
major EU ports by 2030, addressing both climate and air quality objectives. Although the FuelEU Maritime
Regulation and the IMO GFI standard are structurally similar, they differ in scope, reference basis and
flexibility: the GFI applies globally against a 2008 baseline of 93.3 gCOzeq/MJ, whereas FuelEU applies
within the EU/EEA against a 2020 baseline of 91.16 gCO2eq/MJ and, unlike the IMO mechanism as approved,
allows compliance surpluses to be pooled across vessels

2.2 Technology

Marine propulsion has historically relied on internal combustion engines fuelled by fossil fuels,
predominantly in two-stroke slow-speed or four-stroke medium/high-speed diesel configurations [65]. The
tightening of international regulations, notably MARPOL Annex VI, has accelerated the transition toward
cleaner and more efficient systems [66]. Contemporary innovations follow three interrelated directions:
efficiency, emissions reduction, and operational flexibility. Efficiency gains derive from advanced electronic
control systems [67-69], waste-heat recovery [70], and hybrid propulsion architectures [71]. Emissions
reduction is pursued through alternative fuels (LNG, biofuels, and synthetic options) and after-treatment
technologies such as Selective Catalytic Reduction (SCR) [72, 73], Diesel Particulate Filters (DPF) [74], and
scrubbers [75]. Operational flexibility is enhanced by dual-fuel engines and application-specific propulsion
designs [26, 76], while advances in lightweight high-performance materials further reduce fuel consumption
[76]. These directions are not independent: innovations in control systems, fuels, hybridisation, and materials
reinforce one another, defining a coherent technological trajectory aligned with decarbonization goals. Fuel
choice also directly affects onboard storage arrangements: while HFO and MGO can be stored in conventional
structural tanks, LNG requires cryogenic prismatic or cylindrical tanks (IMO Type I, II, or III), and MeOH
requires inert-gas-filled cofferdams, both resulting in reduced tank capacity and ship range, with particularly
significant implications for cruise ships [45]. An emerging solution for MeOH is the Methanol Superstorage
technology, which replaces cofferdams with a Sandwich Plate System (SPS) consisting of a metal-elastomer-
metal composite with A60 fire rating, minimising capacity penalties; however, this technology remains
approved in principle by Classification Societies and is not yet widely commercialised [77, 78]. The main
fuels considered in this study (HSFO, MGO, LNG, and MeOH) are introduced in the following paragraphs,
with their principal characteristics summarised in Table 1.
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Table 1 Main characteristics of the fuels tested [5, 79]
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. Volumetric Gravimetric Flash Tmax
Density . . LCV . Type of
Fuel [t/m?] Energy Density | Energy Density [MJ/kg] Point bunker bunker
[GI/m?] [GJI/t] S [°C]

HSFO | 0.980 40.0 40.816 40.5 >60 60 Structural Tank

MGO | 0.890 36.6 41.12 42.7 >60 40 Structural Tank
Cryogenic tank

LNG 0.460 234 50.86 49.1 <-180 -162 Type I, I1, ITT*

McOH | 0.748 15.8 2112 19.9 11-12 | 20 Structural Tank
with cofferdams

*Cryogenic tank Types I, II, and III refer to the IMO IGF Code classification for independent LNG tanks with different structural
configurations and pressure capabilities.

2.2.1

Marine diesel fuels are classified into three principal categories: MGO, Marine Diesel Oil (MDO), and
HFO, each with distinct thermophysical and environmental characteristics. HFO is further subdivided by
sulphur content [80]: HSFO, the most widely used type, and the one considered in the present study, requires
the installation of exhaust gas scrubbers [5]; Very Low-Sulphur Fuel Oil (VLSFO) is employed outside
Sulphur Emission Control Areas (SECAs) to avoid scrubber use; and Ultra Low-Sulphur Fuel Oil (ULSFO)
is increasingly adopted in response to the growing number of SECAs worldwide [81]. Key parameters
governing the design and operation of onboard fuel storage, injection, and treatment systems include density,
flash point, combustion behaviour, LCV, and WtT and TtW emission coefficients.

Diesel

222 LNG

LNG has emerged as a major alternative marine fuel due to its compliance with stringent environmental
regulations and its favourable thermophysical properties. Produced via cryogenic liquefaction at
approximately —162 °C [82], LNG consists primarily of methane and offers high specific energy on a mass
basis, along with well-defined flammability limits and a high autoignition temperature that make it suitable
for marine use. Its lower volumetric energy density, however, requires larger onboard storage tanks compared
to conventional diesel fuels. In combustion, LNG exhibits high thermal efficiency and clean-burning
behaviour and is compatible with dual-fuel slow-speed diesel engines, lean-burn Otto-cycle units, and gas
turbines [83]. Onboard integration requires cryogenic insulated tanks, vaporizers, double-walled piping, and
dedicated pressure and temperature management systems [84], as well as mandatory gas detection, ventilation,
and explosion protection arrangements under the IGF Code [85]. A key operational challenge is methane slip
(the release of unburned methane under certain operating conditions in dual-fuel engines), which requires
mitigation through advanced engine tuning [86]. From an operational perspective, LNG reduces maintenance
costs due to the absence of soot and its cleaner combustion profile [87] and can be cost-competitive where
bunkering infrastructure is well-developed [88]. Adoption is nonetheless constrained by higher capital
investment, specialised safety requirements, crew training obligations, and uneven bunkering availability
across ports, with truck-to-ship, shore-to-ship, and ship-to-ship transfer methods each presenting distinct
technical and regulatory considerations [89].

2.2.3 Methanol

MeOH has attracted growing interest as a marine fuel due to its regulatory compliance and
decarbonization potential. Unlike LNG, MeOH is liquid at ambient conditions and contains intrinsic oxygen
in its molecular structure, which shapes its combustion behaviour; these properties allow storage and handling
through conventional liquid-fuel infrastructure without cryogenic systems, simplifying bunkering and onboard
fuel management. MeOH can be produced from multiple feedstocks: conventional fossil-based MeOH is
synthesised from natural gas or coal via steam reforming or gasification [90]; bio-MeOH is derived from
renewable biomass resources through gasification or reforming, offering significant lifecycle GHG reductions
[91]; and e-MeOH is produced from captured CO: and renewable hydrogen via water electrolysis powered by
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green electricity, representing a promising carbon-neutral pathway aligned with global decarbonization targets
[92]. Renewable production routes, including biomass gasification, waste-to-methanol and power-to-
methanol, are advancing rapidly [93]. MeOH is less energy-dense than conventional marine distillates,
requiring larger tanks or more frequent refuelling. Its low flash point classifies it as a low-flashpoint fuel under
the IGF Code [85], mandating enhanced safety measures such as double-wall piping, leak detection,
inertisation, and explosion-proof ventilation; however, its relatively high autoignition temperature and wide
flammability range enable stable combustion in internal combustion engines. In combustion, MeOH produces
no SOx, virtually eliminates particulate matter, and generates lower NOx emissions than HFO [94]; crucially,
it avoids methane slip, a notable advantage over LNG. Operationally, MeOH reduces engine maintenance due
to the absence of soot and sulphur-related corrosion and can be integrated into existing liquid-fuel port
infrastructure with appropriate adaptations [95], though its toxicity necessitates stringent handling protocols
and specialised crew training [94]. Economically, MeOH remains costlier than HSFO but is competitive with
MDO and MGO where supportive policies or established supply chains are in place [96].

3. Methodology

In this section, the applied methodology is presented. First, the itinerary modelling and the simulation
model are described, together with related assumptions and simplifications. Then, the fuel characterisation
and the emissions assessment are described, following the indications of international regulations, specifically
the EU and IMO rules. Finally, the energy costs calculation methodology is presented, along with the
assumptions and simplifications needed to forecast costs out to 2050.

3.1 Itinerary Modelling

The cruise ship's itinerary is modelled through legs connecting the subsequent ports of call, defining the
overall route. More specifically, each leg is divided into sublegs: i.e., straight segments characterised by
constant speed, direction, loading condition, and environmental conditions. Each subleg falls under one of the
following four phases, defining the ship's operational status:

1. Navigation: The vessel operates at or near cruising speed in open sea or shallow waters. This
constitutes the primary operational phase. During this phase, a minimum of two diesel generators
must remain online to ensure the continuous availability of propulsion and steering systems.

2. Transit: This phase occurs as the vessel approaches or departs from port. The vessel maintains
a reduced speed to facilitate pilot boarding and to ensure safe passage through canals, restricted
waters, or shallow approaches to the berth. An additional generator, beyond the number required
in the Navigation phase, is typically brought online to guarantee safe execution of emergency
manoeuvres if necessary.

3. Manoeuvring: The vessel conducts low-speed manoeuvres to approach the berth and complete
mooring operations. Bow and stern thrusters are commonly employed in this phase. The
generator configuration is generally equivalent to that of the Transit phase, ensuring adequate
power availability for thruster operation and control systems.

4. Port Stay: While the vessel is moored alongside the berth, propulsion systems are inactive.
However, hotel load demands must still be met, either through onboard diesel generators or via
OPS, where available. In this phase, operation with a single generator is permitted and typically
sufficient to sustain the hotel load, as a portion of passengers and crew disembark.

For annual estimations, it is assumed that the itinerary is repeated identically throughout the year,
excluding a two-week maintenance period. Accordingly, yearly figures for fuel consumption, emissions, and
related parameters are obtained by multiplying the values from a single voyage by the number of annual
repetitions.
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3.2 Simulation Algorithm

The model used for the computations is a deterministic, model-based estimation framework specialised
for cruise ships and aims to estimate fuel consumption and emissions given a limited number of input data
[46]. In this context, the term “simulation” denotes a time-resolved physics-based modelling approach rather
than numerical simulation. Such inputs include the itinerary, the ship’s geometric characteristics,
environmental data, the power management system, the number of passengers and crew, and the design
electric balance. The modelling involves both the physical and operational aspects, i.e., the actual heading and
resistance evaluation, the loading condition, and the power system. Moreover, the emissions are assessed
according to the currently applicable regulations.

For the purposes of this study, the algorithm (originally designed to support probabilistic analyses via
multiple Monte Carlo simulations) is employed in a deterministic manner. A single simulation is conducted
under average environmental conditions, specifically by considering mean values for wind and wave-induced
resistance. The underlying assumptions are detailed below. The algorithm is developed in a MATLAB
environment and more details on the simulation stages are reported in [46], together with validation against
real operational data.

3.2.1 System of equations

For clarity, the following equations summarise the hydrodynamic and power-balance model used to
estimate propulsion demand and fuel consumption; only the core relations needed to reproduce the modelling
steps are reported here.

Fig. 1 Ship-fixed reference system [46]

To determine the ship's equilibrium during a specific subleg of its route, all acting forces are considered
within a reference frame fixed to the ship (Figure 1). Given the speed over the ground and the course (known
from the itinerary), the unknowns to solve for are the ship's heading (), the rudder angle (8y), and the
effective longitudinal force exerted by the propeller (Ry), which balances all longitudinal components of other
forces. A 3-degree-of-freedom (3-DoF) model defines equilibrium through three nonlinear equations
accounting for longitudinal forces (X), lateral forces (Y), and yaw moment (M), which originate from
hydrodynamic effects (hydro), including interaction with the current [97], wind resistance (wind) [98], added
resistance (wave) [99], and rudder forces (rud) [100], all depending on the ship’s heading and rudder angle.
The equilibrium equations are as follows:
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0= RT + thdro(lp) + Ywave (VS) + )_(wind + Xrud(lp'RT' 6R)
0= Yhydro (ll}) + Yrua (l/)' Rz, 6R) 4)
0= Mhydro (ll}) + Mrud(lp» Rz, SR)

Here, X,yqve and X,,inq are the average longitudinal forces due to waves and wind, as determined in
Section 3.2.2. Additional details about hydrodynamic effects and rudder forces are fully detailed in [46]. The
system is solved using a trust-region dogleg algorithm based on the interior-reflective Newton method and
preconditioned conjugate gradients [101-104]. The solution tolerances are set to 0.001 N for forces and 0.001
Nm for moments. The initial condition assumes the ship's heading equals its true course and that the rudder
angle is zero.

3.2.2  Average Environmental Conditions

Since the Adriatic Sea is characterised by not excessive variations in currents and weather conditions, it
was chosen to adopt simplified and annual mean values to characterise the environmental conditions in which
the ship operates. These mean values are then used to calculate the mean value of current, added wave, and
wind resistance, which are used to assess propulsion demand for each subleg of the itinerary.

For the sea current, an annual average value of the velocity was calculated based on the Pilot Charts
[105] that provide the monthly average speed and direction of ocean currents for every sea worldwide.

The sea state and wind statistics are derived from [106], which provides wave and wind atlases for the
Adriatic Sea. The data used to construct the atlases were extracted from the World Waves Database, covering
the period from September 1992 to January 2016. The atlases report the joint frequency of occurrence of
waves characterised by a specific pair of significant wave height Hg and zero-crossing period T,. Also, atlases
give the joint frequency of occurrence of wind by pairs of significant wave height H, and wind speed u,,.
These are provided both for individual regions (Northern, Central, and Southern Adriatic) and for the entire
Adriatic Sea.

The wind-induced forces are computed using the relative wind velocity, following the method proposed
by [98]. The resulting resistance is then averaged according to the wind occurrence frequency as follows:

Y . _ ZjXWind,jf(uw'Hs)j
wind ij(uw'Hs)j

Here, f(u,, Hy); is the frequency of occurrence of the j-th wind state given the pair composed of wind
velocity u,, and significant wave height Hg; whereas X,,;,4; is the related wind resistance calculated
considering the relative speed. Finally, the added wave resistance transfer function RAW /T (w,, ) is
calculated, where w, is the encounter frequency [99]. The computed resistance depends on the encounter
angle x, sea state, hull geometric characteristics, and ship speed Vs. The sea state is modelled by means of the
Pierson-Moskowitz spectrum S¢(w,, Hy, T;), which utilise two parameters: the significant wave height, Hy,

and the zero-crossing period, T, [107]. The wave force is then evaluated as [108, 109]:

)

o)

R
Xwave (VSJ X, Hs, Tz) = -2 % ((‘)e (VS' X))S( ((‘)e (VS' X, Hg, Tz)dwe (6)
0

For each sea state, the added wave resistance X, 4, (Vs, X, Hg, T;,) is calculated for every combination of
speed, encounter angle and sea state. This resistance is then averaged over all encounter angles for each i-th
ship speed and j-th sea state:

N
— 1

Xwavei]- = N Xwave (Vsi; Xk Hs]-; sz) (7
k=1
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Here, X is the k-th encounter angle, and N the total number of encounter angles considered. The
encounter angles considered space from 0 to 360 degrees, with increments of 10 degrees. Subsequently, for
each speed, a weighted average of the resistance is computed based on the frequency of occurrence of each
sea state as:

_ ijwaveijf(Hsj»sz)
wave; —
fo(HSj'TZj)

@®)

Here, f (H 5o sz) is the frequency of occurrence of the j-th sea state. In this way, the mean added wave
resistance is obtained for each ship speed.

3.2.3 Resistance correction

In addition to resistance due to environmental conditions, the model includes corrections to the ship’s
resistance curve to account for variations in the loading condition, hull fouling, the use of stabilising fins, and
navigation in shallow water.

At each sub-leg, the ship’s loading condition is updated based on the filling levels of fuel, fresh water,
and grey/black water tanks. This results in changes in displacement and therefore in the ship’s draft, which
alters the wetted surface area and resistance. The corresponding correction to the resistance curve is applied
using the Admiralty formula [46].

Hull fouling is a significant factor in the assessment of hydrodynamic resistance, as its progressive
accumulation increases surface roughness and effective wetted area, thereby degrading the vessel’s
hydrodynamic performance. In this study, it is assumed that the ship operates with one year’s worth of fouling
accumulation. This assumption is justified by typical cruise ship maintenance practices, which include annual
hull cleaning and dry-docking every 2 to 3 years for routine maintenance, inspections, and upgrades,
depending on the vessel’s age, condition, and operational profile. The additional resistance due to fouling is
assessed here using an empirical method [110].

Stabilising fins are used on cruise ships to diminish ship roll in rough seas and are typically of the active
type, meaning they are deployed when the sea conditions exceed a certain severity threshold. The increase in
resistance due to their use is assessed following the methodology proposed in [111] and it is assumed that fins
are activated only for sea state 5 or higher, corresponding to significant wave heights Hg greater than 2.5
meters.

Finally, the resistance is adjusted to account for the shallow water effect. When navigating in shallow
or restricted water, a ship is affected by an increase in resistance as a function of its speed and submerged size
with respect to the water depth. The effect is significant when the ship navigates long sublegs at high speed in
shallow waters, typically near the coast, in large estuaries, in port areas or lagoons. This condition, which is
called incipient shallow water, is here modelled by introducing a speed loss function of the ship speed and the
water depth while keeping the resistance constant [112].

3.2.4 Fuel consumption calculation

For each subleg, once the force equilibrium system is solved, the ship’s advance speed (V) and propeller
thrust (7) can be calculated. These are used to determine the Papmel coefficient, which relates thrust to
propeller characteristics. The propeller’s operating point is found using corrected performance curves that
account for fouling. This allows the calculation of torque and propeller revolution speed, from which brake
power is derived. The required electric propulsion power is then calculated, considering efficiencies of the
Propulsion Electric Motor (PEM) and its transformers and converters. The total electric demand includes
electric demand from propulsion, air conditioning chillers, freshwater production, scrubbers and other
auxiliary systems, adjusted by the efficiency of the switchboards, while the remainder constant powers are
extracted from the ship’s electric balance and aggregated.

In more detail, the propeller functioning point is evaluated from the Papmel coefficient:
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Kr\* T
<_2> = 2n2 9)
] pWVA D P
where K7 is the propeller thrust coefficient, ] is its advance coefficient, D), is its diameter, and p,, the seawater
density. After correcting the propeller curves to account for fouling [110], the propeller functioning point J*

is found by interpolation of the /(K7 /J?) curve corresponding to the Papmel coefficient. Then the absorbed
torque Q and revolutions per second n,, of the propeller are calculated as:

Q = KoU"pwniDy (10)
and
Va
n, = 11
14 ]*Dp ( )
Thus, the brake power, Pg, is:
2nn
py = el (12)
NRrMNs

where 17 and 7, are the rotative relative coefficient and the shaft efficiency, respectively. Then, the propulsion

electric power, B,yqp, is determined:

nsP B
p = TsPs (13)
PP NpEMMec
where 1pgy 1s the PEM efficiency evaluated as a function of its load, 1. is the efficiency of the transformers
and converters, and ng is the number of shafts. Finally, the total electric power demand, P,;, is calculated as
follows:

Pel — PTLO(Z‘U.X + Paux (14)
r’SW

with P, the electric power of the other auxiliary systems, 7, 1s the efficiency of the switchboards and the
non-auxiliaries power P, qq 15 defined as:

Pnoaux = Pprop + Pch + wa + Pscrub + Pconst (15)

where Py, is the electric demand from air conditioning chillers, Py, from freshwater production, P, from
scrubbers, and P, are the remaining constant powers.
The electric power is generated by multiple diesel generators, so it is necessary to regulate the number

and load of the active ones by the Power Management System (PMS). The rules of the PMS regulate the
number and the load [;, of online generators, defined as:

Peli

lgi = nGPimax (16)

where P,;, is the electric power produced by the i-th generator,
engine and 7); is the generator efficiency. The rules adopted in the algorithm are the ones typically employed:
all the active generators work at equal load; if the load per generator exceeds or drops below defined
thresholds, generators are activated or reactivated, respectively. These rules are modelled through the mapping
of the fuel consumption (in t/h) for each type of fuel as a function of the power P,;. The global load of the
power plant [, is defined as:

P™%* is the maximum continuous rating of the
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Pel

1, =2
g PG

7
where P, is the maximum electric power provided by the diesel generators:
Ps =g ) P (18)

Finally, for a configuration, the fuel consumption of the i-th engine using the j-th type of fuel is
calculated as:

feiy =) diSFOC (L )P (19)

where d; is a coefficient accounting for depuration/filtering allowance (equal to 1.015 for HSFO and VLSFO
and equal to 1 for MGO), SFOC;j; is the specific fuel consumption of the i-th engine using the j-th fuel at load

Ly,

3.3 Considered fuel types

The selection of fuel scenarios is driven by their current or near-term deployability in the passenger ship
sector and by their relevance within existing and forthcoming regulatory frameworks. The objective of the
analysis is not to identify a single long-term net-zero solution, but to quantify how different fuel pathways,
spanning conventional, transitional, and renewable options, are affected by regulatory mechanisms and
operational constraints over the vessel’s service life. The calculations are performed using three main fuels:
HSFO (reference fuel for business as usual), LNG (widely used transition fuel for passenger ships) and MeOH
(possible future fuel for passenger ships). Here, three types of MeOH are considered according to their
production process to capture the different impacts on the WtT emissions: NG-MeOH, bio-MeOH and e-
MeOH. Additionally, MGO is used as fuel for boilers and as a pilot fuel for dual-fuel engines powered by
LNG and MeOH.

3.4 Emission assessment

As the case-study vessel operates on intra-EU routes in the Adriatic Sea, the EU instruments (EU ETS,
FuelEU Maritime and CII) constitute the binding and currently enforceable cost drivers and are therefore
adopted as the cost basis of this study, whereas the GFI enters into force only from 2028 and remains under
negotiation; the methodology, however, is structurally transferable to the IMO Net-Zero Framework once the
GFI targets and pricing parameters are finalised. To assess the ship’s emission levels for the selected route,
the CO> equivalent and the GHG and CII indexes are calculated from the fuel consumption fc assessed
through Equation (19). The simulation algorithm evaluates the ship’s performance for each subleg of the
defined route. To calculate the quantity of emissions produced by combustion, the simulation algorithm is
provided with the chemical-physical characteristics of each fuel used. Table 2 reports the emissions
characteristics of each tested fuel. All the values are taken from the FuelEU regulation [4], with the exception
of the CO» equivalent WtT factors of bio-MeOH and e-MeOH. For the first, production from biomass obtained
from black-liquor gasification integrated with pulp mill was chosen, while the last one is produced via direct
air capture of CO> and hydrogen from renewable (green or purple) sources, thus making it possible, in
agreement with the EU regulations, to fix the CO2 emission coefficient to zero [64, 113-116]. Regarding LNG,
methane slip (Cg,) 1s modelled using the fixed default factors prescribed by the regulatory frameworks, i.e.,
3.1 % according to FuelEU Maritime and 3.5 % according to the IMO guidelines, both associated with a
Global Warming Potential (GWP) value of 28.
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Table 2 Emission coefficients of the fuels tested [4, 47]

Fuel COz2eq WtT | EF CO: | EF CH4 | EF N20 | Ciiip
[g/ gfuel] [g/ gfuel] [g/ gfuel] [g/ gfuel] [o/omaSSfuel]

HSFO 13.5 3.114 0.00005 0.00018 -

MGO 14.4 3.206 0.00005 0.00018 -

LNG 18.5 2.750 0.00 0.00011 3.1

MeOH (natural gas) | 31.3 1.375 0.00005 0.00018 -

Bio-MeOH 10.4 0 0.00005 0.00018 -

e-MeOH 4.4 0 0.00005 0.00018 -

These values are adopted to ensure consistency with the regulatory scenarios analysed, acknowledging
that methane slip can vary with engine load and operating conditions. This variability is therefore listed as a
limitation of the study and should be addressed in future probabilistic analyses. For each subleg (k), the grams
of fuel consumed in the i-th fuel-consuming unit are calculated as:

Dy

My = 1O6fck,i,jV_k (20)

and the consumed mass of the j-th fuel used:

(21
My ; = Z My ; i
;

where fcy; ; is the fuel consumption of the j-th fuel used in the i-th fuel-consuming unit in the &-th

subleg; Dy, is the distance covered by the ship in the £-th subleg (in nautical miles) and Vj, its speed (in knots).
To compute the emissions in term of grams of equivalent CO», the GWP of the emissions components has to
be known. The GWP values for CO2, CH4 and N>O are reported in Table 3 [47].

Table 3 Global Warm Potential of CO,, CH4 and N»O - 20-year and 100-year time-horizon
GWP | CO: | CH4 | N2O
GWP20 |1 84 264
GWPI100 | 1 28 265

Then, for each subleg (k), the algorithm calculates the amount of WtT and TtW emissions [4] as:

WeT, = 2j My ;LCV;COzeqwerj (22)
K =
S, My, LCV,.RWD;
C lip,j C lin,j
Zj Mk,j [(1 — %) COZeq,TtW,j + % COZeq,TtW,Slip,i,j] (23)
Tth =
%, My, LCV;RWD;

where COy.q wir and Cgy;p, ; are respectively the COz equivalent WtT emission factor and the carbon slip factor
of the j-th fuel, as given in Table 2. LCV; is the low calorific value of the fuel ;. and RWD; is a correction

factor equal to 2, applied when the fuel used falls within the European category of RENBO, and equal to 1 for
all other fuel types. Then:

COZeq,TtW,j = EFCOZ,jGWPCOZ + EFCH4_,jGWPCH4 + EFNZO,jGWPNZO (24)

and
COZeq,Tthlip,j = GWPCH4 (25)
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The 100-year horizon GWP values are used. Finally, the total emission WtW of the k-th subleg is
calculated as the sum of its WtT and TtW emissions:

The GHG is calculated as in Equation (3), with the wind factor f,,;,4 equal to 1, since the cruise ship
propulsion is not wind-assisted. However, since the distance travelled varies for each subleg and fuel usage
depends on the specific operational phase, it is necessary to separately compute the numerator and
denominator of Equations (22) and (23) for the entire journey. The same approach has to be applied for the
calculation of the attained CII (CI1,), with some small differences:

Yk 2jMy;EFco,;

GT -D @7

Cll, =

where GT 1is the gross tonnage of the ship. The IMO regulations require that the CII be calculated by
considering only CO> emissions from combustion, excluding methane slip, upstream emissions, and all other
GHG components. This explains why LNG shows a favourable CII despite higher WtW GHG emissions:
methane slip and upstream contributions, which are significant for LNG, are excluded from the CII metric but
included in the WtW calculation. For reference, methane slip is fixed at 3.1 % according to FuelEU Maritime
and at 3.5 % according to IMO guidelines, with a GWP value of 28 [4, 47]. Hence, its contribution is not
negligible, and an alternative indicator (CI1y) incorporating COz-equivalent methane emissions is introduced
to illustrate the effect of including methane slip. Here, for comparison purposes, in the case of the LNG
configuration, two ClIs are calculated: the one defined in Equation (27) and:

Csl'p, j Csl'p, j
Liedij M [(1 - ﬁ) EFco,; + 100 GWP CH4] (28)
GT -D

CIL; =

Although the GHG and CII indicators are defined on an annual basis, the same route is repeated
identically multiple times throughout the year. Therefore, the calculation performed for a single voyage is
representative of the annual condition. Then, the reference value, ClI, for a cruise ship is calculated as [11]:

Cllx = a - Capacity™¢ (29)

where a, Capacity and ¢ are parameters function of the ship type. The annually required CII, CII, g, is
calculated as [117]:

Z
CIL, g = Cllg <1 — W) (30)
where Z is a reduction factor, equal to 0.09 in 2025 and which increases by 0.02 each year until 2026. Finally,
for the forecasting, it is assumed that the annual 2 % reduction will also be applied after 2027: in fact, IMO
has prescribed to apply the reduction until 2027; from the following year onward, further reductions are yet
to be defined [117]. Finally, the yearly ranking is determined as the ratio between CII, and CIl,, g, with
reference to the threshold values of categories A to E, function of the ship type [12]. Similarly, when the
alternative indicator CIl, is used, the ratio Cll;/CII, r tepresents the relative compliance status obtained
when methane slip is included in COz-equivalent terms. This comparison is provided solely to illustrate the
effect of methane slip on the vessel’s apparent carbon intensity.

3.5 Energy costs assessment

In addition to costs related to fuel consumption, it is now necessary to apply the EU ETS and account
for potential FuelEU penalties. These represent additional costs that, over the years, impact on the ship’s
energy costs with a variable weight. To analyse their impact over the ship’s lifetime, energy costs are
calculated from 2025 to 2050, considering a fixed inflation rate of 2% annually - in line with the target set by
the European Central Bank [118]. For the Carbon Allowance Cost and fuel prices, taking those from March
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2025 as baseline prices [119-122] (see Table 4). This assumption was chosen because the fluctuations of the
global market and the geopolitical situation led to different price forecasts with wide ranges of uncertainty,
thus not allowing the selection of sufficiently valid values. One exception is the price of e-MeOH, which,
according to a forecast [120], decreases from 2,238 €/t to 1,325 €/t between 2025 and 2033 and then remains
stable until 2050 (Figure 2).

Table 4 Price of the fuels tested as of March 2025

Fuel HSFO | MGO | LNG | MeOH Bio-MeOH e-MeOH
. 2,238 (2025)
Price [€/t 412 656 | 480 625 1,1193
[€7¢] 1,325 (2034)
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Fig. 2 Bunker costs in 2025-2050 — All fuels

The total energy cost is given by:
EC, = FC, + ETSC, + FEUC, (31)

Referring to a given year (), F C, (Equation (32)) represents the total cost of consumed fuels and ETSC,,
and FEUC,, are calculated as in Equations (34) and (36), respectively. For the bunker costs, it is:

FCy = 2 My ; P, (32)

where M,, ; is the mass of the j-th fuel, in tons, and P, ; is the price of the fuel, in €/t, taking account of the
increase due to inflation as:

P, ; = Py;(1+0.02) (33)

Since the ship operates in the Adriatic Sea and calls at European ports, it must comply with European
emission regulations. Therefore, the prescribed Carbon Allowance from the EU ETS (Equation (34)) and the
penalties resulting from non-compliance with the FuelEU initiative (Equation (36)) are also calculated [4, 14].
The annual costs associated with the purchase of carbon allowances on EU ETS are calculated as:

ETSC, = naf 2 z My jCOzeqwer,jCPy (34)
k

where COy¢q 7ew j 18 defined as in Equation (24), My ; as in Equation (21), a is a coefficient equal to 1 if the
ship sails only between European ports, 0.5 if it touches EU and non-EU ports, 0 if it touches only non-EU
ports, B is a coefficient equal to 0.7 in 2025 and equal to 1 from 2026 onwards and n is the number of trips in
a year. The Carbon Price CP, is calculated taking into account the interest rate for each year, y:

17



N. Taucer Marchesi et al. Brodogradnja Volume 77 Number 4 (2026) 77412

CP, = CPy(1 +0.02)” (35)

Additionally, the EU ETS calculation for 2025 differs from that for subsequent years. Specifically, the
regulation mandates that only CO2 emissions be considered in 2025, while from 2026 onward, CH> and N>O
emissions must also be included.

Regarding the FuelEU penalty, if the ship’s GHG index, GH Ggp;p, (Equation (3)) is major of the target
GHG index value GHGqrget,y (evaluated as the yearly time-dependent percentage of the 2024 limit) the
penalty is equal to O€, otherwise it is calculated as:

FEUC, — —2300ICB)| (1 4Bz 1) (36)
Y7 41000 - GHGgpypy 10

where p,, is the yearly number of consecutive non-compliance years and CB, is the compliance balance
defined as:

(B, = "(GHGtarget,y - GHGship) z z My ;LCV; (37
kK J

3.6 Sensitivity analysis

To assess the robustness of the economic results presented in Section 5, two independent sensitivity
analyses were conducted. The first examines the response of total energy costs to fuel price uncertainty,
considering three market scenarios spanning observed price conditions between March 2025 and May 2026.
The second addresses the impact of methane slip on the LNG pathway, a parameter whose regulatory default
value has been shown to systematically underestimate real operational emissions; three scenarios are defined
based on the normative default (FuelEU Maritime, 3.1 %), onboard measurements from a newbuild cruise
ship (4.5 %), and fleet-average field measurements (6.4 %).

3.6.1 Fuels prices

To assess the robustness of the economic results under fuel market uncertainty, a sensitivity analysis
was conducted on the total energy cost of each fuel pathway. The scenario range spans two price observations
recorded in March 2025 and May 2026, bracketing the price variability documented in the maritime fuel
market over this period and providing a historically grounded bound for the sensitivity analysis. Three
scenarios are defined: S-low (March 2025 prices, baseline), S-mid (arithmetic mean), and S-high (May 2026
prices). For each scenario, the total annual energy cost is decomposed as in Equation (31). For HSFO, MGO,
and MeOH, the prices are taken from [119, 122]. For bio-MeOH, the March 2025 market price of 1,193 €/t
was used as the baseline, with the scenario range constructed from institutional projections [123]. For e-
MeOH, the baseline price profile declines linearly from 2,238 €/t (2025) to 1,325 €/t (2034), remaining
constant thereafter [120]. Only the 2025 starting price differs across S-low, S-mid, and S-high. In Table C3 of
Appendix C, the fuel prices as of May 2026 are presented. The 2025 baseline value is treated as representative
of the 2025-2026 near-term period, consistent with the absence of evidence of significant price reductions in
market assessments for e-MeOH as a marine fuel during this timeframe [123]. All other parameters, such as
fuel consumption, EU-ETS allowance prices, and FuelEU Maritime penalty factors, are held constant. The
price sensitivity is quantified through the arc elasticity of total cost with respect to the main fuel price,
computed year-by-year as:

E _ (ECtot,high - ECtot,low)/ECtot,mid
fuel — — _ —
(phigh - plow) /pmid

where ECiopnign and ECror10w are the total energy costs under scenarios S-high and S-low respectively,
ECyot miq 1s the total energy cost under the S-mid scenario used as normalisation reference, and ﬁhig > Plow

(38)
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D4 are the corresponding main fuel prices defining the scenario range. For e-MeOH, the three scenarios
share the same linear decline trajectory and the same floor price of 1,325 €/t from 2034 onward; only the 2025
starting price differs across S-low, S-mid, and S-high, producing three parallel price profiles that converge to
an identical value from 2034. The arc elasticity is therefore defined exclusively over 2025-2033, the interval
during which the scenarios are distinguishable. For fuel pathways involving auxiliary MGO consumption
alongside the main fuel, the normalising price variable p in Equation (37) refers exclusively to the main fuel.
MGO price is varied across scenarios proportionally and consistently, but its contribution enters only through
EC;,¢. The elasticity is thus interpreted as the sensitivity of total energy cost to the main fuel price, with
auxiliary fuel price variation treated as a correlated covariate rather than an independent parameter.

3.6.1 Methane slip

The sensitivity analysis adopts methane slip as the independent variable, defined as the fraction of LNG
mass escaping unburned as CH4 during combustion. It is well established that large cruise ships rely almost
exclusively on low-pressure dual-fuel four-stroke (LPDF 4-S) medium-speed engines; the analysis is restricted
to this technology class. Three scenarios are defined: S;, with a slip of 3.1 %, adopts the regulatory default of
FuelEU Maritime Regulation [4]; S,, with a slip of 4.5 %, is derived from onboard measurements conducted
on a newbuild cruise ship [124]; Sz, with a slip of 6.4 %, corresponds to the fleet average from 22 plume
measurements on 18 vessels, the value recommended by ICCT as the revised default for LPDF 4-S engines
[125]. For each scenario, the total annual energy cost is decomposed as in Equation (31). Sensitivity is
quantified through the arc elasticity of the energy costs with respect to the slip coefficient:

ECs, — ECg )JEC
Eslip = ( % Sl)/ — (39)
(Cslip,5‘3 - Cslip,Sl)/Cslip

where ECs, and EC;, are the total annual energy costs under scenarios S; and S3 for each year, EC is the

energy costs arithmetic mean among the scenarios, used as the normalisation base to obtain a dimensionless
relative cost variation. Cg;p 5, and Cgp 5, are are the methane slip values of the high and low extremes and

Cqip 1s the methane slip coefficients arithmetic mean of the among the scenarios. The ratio Eg;;, therefore
measures the percentage change in total energy cost per unit percentage change in methane slip, evaluated
between the two bounding scenarios and normalised at their midpoint. The arc elasticity formulation is
retained for consistency with the companion fuel-price sensitivity analysis. Since Cgy;, is a technology-fixed
parameter rather than a time-varying market variable, the denominator is constant; temporal variations in Eg;,
therefore isolate the evolution of the cost structure (specifically, the growing dominance of the FuelEU
penalty) as the sole driver of changing sensitivity.

4. Application

In this section, the application of the proposed methodology to an Adriatic cruise repeated for one year
is presented. After defining the itinerary, the test ship characteristics, the propulsive configurations, and the
environmental data sources are provided, focusing on three different fuels: HSFO, LNG, and MeOH.

4.1 Ttinerary

The itinerary chosen for this study (Figure 3) covers three ports in the Adriatic Sea, with a duration of
three days. The port calls are Venice (ITVCE), Koper (SIKOP), and Zara (HRZAD), concluding with a return
to Venice (ITVCE). The trip duration is 72 h (three days), of which 59.6 % in navigation, 38.1 % in port stay,
and 2.3 % in transit and manoeuvring. For the annual calculations, the voyage is repeated 116 times in a year.
The detailed schedule and discretisation of the itinerary are reported in Appendix A.

19



N. Taucer Marchesi et al. Brodogradnja Volume 77 Number 4 (2026) 77412
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Fig. 3 Ship’s itinerary

4.2 Tests Ship

The simulations were carried out on a cruise vessel, whose main characteristics are shown in Table 5.
The fuel storage system has been adapted to accommodate the specific requirements of each fuel tested. The
fuel tanks' capacity for each configuration is reported in Table 6, together with the genset configuration.
HSFO, LNG, and MeOH each require distinct storage solutions due to their differing physical-chemical
properties. The vessel was originally designed for conventional diesel fuel, featuring structural tanks suitable
for HSFO and MGO bunkering. This configuration has been used as the baseline case and is referred to as the
“Diesel” ship. Also, LNG and MeOH require a different kind of engine, referred to as “dual-fuel”, which can
run on both gaseous and liquid fuels. In Table 6, the dual-fuel engines are identified by the acronym “DF” in
the name, while the engines burning liquid fuels only are identified by “F”.

Table 5 Main Characteristics of the test ships

Dimension ID | Value | Unit | Dimension ID | Value | Unit
Length Overall Los | 330.00 | m Pitch-Diameter Ratio PD 1.10 -
Length between Perpendicular | Lpp | 311.00 | m Expanded Area Ratio Ar/Aop | 0.57 -
Design Beam B 43.20 m Number of generators - 4 -
Design Draft T 8.35 m Propulsion Electric Motors Power | Ppeys | 2x20,000 | kW
Gross Tonnage GT | 181,500 | GT Auxiliaries Power P 9,100 kW
Number of propellers - 2 - Hotel Power Phrower | 531,00 kW
Propeller Diameter D 6.10 m Chiller Power Py 12,500 kW
Maximum Passengers number 6,340
Number of Blades Z 5 - . - -
Maximum Crew members number 1,700

Table 6 Fuels and gensets configurations

Characteristics “Diesel” “LNG” “MeOH” Unit
Main Fuel Tanks Capacity | 3,301.6 3,699.9 2,986.0 m3
MGO Tanks Capacity 955.5 2,808.3 955.5 m?
2x Father Diesel Genset Wartsild 16V46F | Wirtsild 16V46DF | Wartsild 16V46DF | -

2x Son Diesel Genset Wairtsild 12V46F | Wirtsild 12V46DF | Wirtsild 12V46DF | -

The LNG-fuelled variant is equipped with bilobed cylindrical tanks, and its internal arrangement was
developed to ensure a feasible and safe integration within the existing hull structure [45], although subdivision
has been modified to meet the rule requirements applicable to LNG fuel [85]. The MeOH-fuelled variant
requires comparatively minimal retrofitting, as MeOH can be stored in conventional structural tanks provided
that cofferdams are installed for isolation. This configuration is therefore similar to the original diesel-fuelled
design, with the tank capacity reduced to account for the volume occupied by the cofferdams. Unlike fossil
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fuels and LNG, MeOH can be safely stored in tanks located along the hull shell below the vessel’s minimum
operational waterline. Hence, additional MeOH tanks were installed in the double bottom beneath the main
fuel tanks to improve the ship’s range. The propulsion system of the ship is diesel-electric, composed of 2
PEMs having a maximum power of 21 MW each. The calm water resistance is provided in Figure 4, and the
propeller open water diagram is depicted in Figure 5. The onboard power plant comprises 4 diesel generators
arranged in a father-son configuration (Table 7) producing 62,400 kW, having an efficiency n; of 0.97. Fuel
consumption in ISO conditions, considering an even load PMS, is reported in Figure 6, while the pilot-fuel
consumption (specifically, MGO) of the dual-fuel engines configuration is depicted in Figure 7 [126, 127].
The electric distribution system has a switchboard efficiency nsg of 0.999, while the transformers and
converters of the propulsion system have, respectively, an efficiency 1ryq, 0f 0.99 and ¢y, of 0.985.

Table 7 Characteristics of the test ship’s generators

Model Type Allowed Fuel Pmin (KW) Pmax (KW)
Wirtsild 12V46DF Diesel Genset gGO/ HSFO/LNG/MeO |, ¢q) 14,400
Wartsild 16V46DF Diesel Genset gGO/HSFO/LNG/MeO 3,360 16,800
Wirtsila 12V46F Diesel Genset MGO/HSFO 2,880 14,400
Wartsild 16V46F Diesel Genset MGO/HSFO 3,360 16,800
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Fig. 6 Fuel consumption according to even load Fig. 7 Fuel consumption according to even load
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4.3 Environmental conditions in the Adriatic Sea

The annual average current speed is calculated by extracting the monthly average currents from the
North Atlantic pilot charts, which cover the Mediterranean Sea and, thus, the Adriatic Sea [105]. The average
value of the current speed is equal to 0.225 knots, with direction as in the Pilot Charts (which does not change
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much during the year for the Adriatic Sea). The annual statistics on significant wave height, zero-period
crossing, and wind speed for the entire Adriatic Sea are used [106]. The annual average wind speed is equal
to 5.37 knots. The statistics for the entire Adriatic Sea were used as given in Figures 8 and 9 and the computed
value of the average wave added resistance is given against ship speed in Figure 10.

T,/Hs 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.5 5.5-6.0 6.0-6.5 Sum
0-1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1-2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2-3 221,186 65,034 754 7 0 0 0 0 0 0 0 0 0 286,981
34 149,331 225,790 32,459 1233 39 i 1 0 0 0 0 0 0 408,854
4-5 36,859 130,876 80,830 19,669 1732 109 7 1 0 0 0 0 0 270,083
5-6 17,747 52,597 54,473 38,089 15,605 3194 469 54 3 0 0 0 0 182,231
67 10,379 24,193 20,917 17,297 14,389 8836 3255 731 183 32 5 2 1 100,220
7-8 3704 8591 8993 6373 4838 3810 3141 1879 701 215 54 18 10 42,327
8-9 1863 3459 3515 2727 1930 1361 956 677 470 197 78 13 8 17,254
9-10 1174 1055 1115 819 654 495 336 231 156 92 48 26 3 6204

10-11 376 434 420 294 217 120 98 64 40 22 6 2 1 2094

11-12 363 105 107 81 91 31 26 16 10 9 5 2 1 847

12-13 434 39 23 10 8 10 7 7 2 2 1 i 0 544

13-14 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum 443,416 512,173 203,606 86,599 39,503 17,967 8296 3660 1565 569 197 64 24 1,317,639

Note. Total of 73% of sea states are less than 1 m.

Fig. 8 Sea state table - Entire Adriatic Sea [106]

1/Hg 0-0.25 0.25-0.5 0.5-0.75 0.75-1 1-1.25 1.25-1.5 L5-175 175-2 2-2.25 2.25-2.5 2.5-2.75 2.75-3 3-3.25 3.25-3.5 Sum
0-1 20,070 33,291 10,955 3152 1198 462 187 81 29 26 4 3 1 0 69,459
1-2 32,250 68,242 25,570 7861 2803 1134 453 200 83 23 9 7 2 2 138,639
2-3 27,155 84,153 38,583 12,391 4471 1707 703 313 131 61 23 17 5 3 169,716
34 14,064 81,193 52,240 18,013 6548 2608 1067 437 209 86 47 24 7 9 176,552
4-5 5139 54,153 66,294 24,730 9238 3666 1504 614 306 104 70 23 26 8 165,875
56 1666 16,761 68,671 35,231 12,912 5099 2161 990 425 209 90 48 16 6 144,285
67 393 3321 37,421 45,709 18,845 7541 3211 1419 628 295 132 63 38 17 119,033
7-8 103 964 8754 37,098 26,470 11,372 4919 2082 954 452 232 97 39 26 93,562
89 33 310 1519 13,596 25,426 16,301 7712 3415 1534 731 317 160 57 30 71,141
9-10 1 77 416 2830 12,104 16,639 10,722 5572 2490 119 502 235 96 75 52,965
10-11 6 23 129 625 3206 8879 10,611 7563 3966 1962 815 426 175 112 38,498
11-12 4 16 44 168 770 2781 5704 6793 5306 3051 1556 700 328 155 27,376
12-13 0 10 33 51 161 779 1995 3477 4147 3606 2245 1206 585 249 18,544
13-14 0 6 9 31 66 207 585 1191 2063 2588 2283 1684 975 545 12,233
14-15 0 2 8 15 28 88 192 397 709 1194 1425 1365 1087 698 7208
15-16 0 0 4 9 1 32 69 141 243 398 604 724 823 709 3767
Sum 100,894 342,522 310,650 201,510 124,257 79,295 51,795 34,685 23,223 15,982 10,354 6782 4260 2644 13,088

Fig. 9 Wind speed-significant wave height occurrence table - Entire Adriatic Sea [106]

0 5 10 15 20 25 30
Vg (kn)

Fig. 10 Average added wave resistance in function of ship speed

5. Results and Discussion

In this section, for each fuel used, the results are presented. In particular, the data on consumption,
emissions, and costs, are discussed. Then, the three configurations are compared, highlighting the differences
and advantages/disadvantages that emerge from each fuel tested.

5.1 Diesel

In the “Diesel” configuration, the vessel consumes 120.71 tonnes of HSFO and 63.45 tonnes of MGO
per voyage, corresponding to an annual consumption of 14,002 tonnes and 7,360 tonnes, respectively. During
the navigation phase of a single trip, three engines are operated with an average thermal efficiency of 66.5 %.
Each voyage results in TtW GHG emissions amounting to 588.34 tonnes of CO; equivalent (COzeq), yielding
an annual total of 68,247 tonnes. The emissions are primarily composed of CO2 (98.46 %), with minor
contributions from N2O (1.49 %) and CH4 (0.17 %). The associated WtT COzeq emissions are 105.00 tonnes
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per voyage and 12,180 tonnes annually. The resulting WtW GHG intensity is 91.3 gCO2eq/MJ, which exceeds
the regulatory limits set by FuelEU Maritime for vessels operating from 2025 onwards. Consequently, a
compliance penalty will be applied to the ship’s energy costs starting in 2025. In the absence of corrective
measures, the penalty will increase by a factor of 148 over 25 consecutive years of non-compliance (refer to
Equation (36)). The evolution of GHG intensity and FuelEU compliance for the Diesel configuration is
illustrated in Figure 11a.

Regarding the CII, the vessel’s reference value is 9.00, while the calculated attained value is 6.97. As a
result, the ship is rated in Category “A” for the year 2025. However, without corrective measures, it is
projected to become non-compliant by 2036, receiving a “D” rating for two consecutive years, followed by
an “E” rating in 2038. In accordance with regulatory requirements, a corrective action plan must be
implemented in 2038 to restore the vessel’s rating to at least Category “C”. The projected CII trend without
any corrective action is shown in Figure 11b.

The time evolution of energy costs is illustrated in Figure 11c, while the distribution of cost components
over time is shown in Figure 11d. Assuming that EU ETS allowance costs increase solely in line with the
inflation rate, their value rises approximately 2.5-fold, from over €3 million in 2025 to around €7.6 million by
2050. In 2025, the distribution of energy costs per voyage is as follows: 71.22 % from fuel bunkering, 21.49
% from EU ETS allowances, and 7.29 % from FuelEU Maritime penalties. Both bunkering and EU ETS costs
are assumed to grow at the inflation rate over time. However, their relative shares decline as the FuelEU
penalty increases significantly, particularly in 2040, 2045, and 2050, coinciding with progressively stricter
GHG reduction targets that worsen the ship’s compliance status. By 2050, the FuelEU penalty constitutes the
largest share of energy costs (85.25 %), followed by bunkering (10.26 %) and EU ETS allowances (4.49 %).
Over the 25-year period, total energy costs escalated from approximately €15 million to €169 million (an
increase of more than 11-fold), primarily driven by the FuelEU non-compliance penalty. In contrast, if the
penalty were excluded, the total cost increase would be limited to approximately 1.8 times, attributed solely
to inflation.
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Fig. 11 Diesel configuration evolution in 2025-2050
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5.2 LNG

In the “LNG” configuration, the vessel consumes 139.26 tonnes of liquefied natural gas (LNG) and
14.13 tonnes of marine gas oil (MGO) per voyage, corresponding to an annual consumption of 16,155 tonnes
and 1,639 tonnes, respectively. During the navigation phase of each trip, four engines are operated with an
average thermal efficiency of 69 %. The TtW GHG emissions per voyage amount to approximately 541.90
tonnes of CO; equivalent (CO2eq), resulting in an annual total of 62,860 tonnes. While the majority of
emissions are due to CO> (76.84 %), methane slip contributes significantly (22.31 %), followed by minor
contributions from N2O (0.85 %) and CH4 (0.03 %). Additionally, WtT emissions are estimated at 135.18
tonnes COzeq per voyage, leading to a yearly total of 15,681 tonnes. The resulting WtW GHG intensity is
90.99 gCO2eq/MJ, which exceeds the FuelEU Maritime compliance threshold already in effect from 2024.
Consequently, a FuelEU non-compliance penalty is applied throughout the vessel’s operational life,
amounting to approximately €0.9 million in 2025 and rising to around €141 million by 2050. The projected
evolution of GHG intensity and FuelEU-related penalties for the LNG configuration is illustrated in Figure
12a.

Concerning the CII, the vessel’s reference value is still 9.00, while the attained value is 5.16. This places
the ship in Category “A” from 2025 through 2037. Beginning in 2046, the vessel is projected to fall into
Category “E”, rendering it non-compliant with CII regulations. As a result, a corrective action plan must be
implemented by 2045 to restore compliance, achieving a rating of at least Category “C”. The projected CII
trajectory is illustrated in Figure 12b. It is noteworthy that the CII calculation takes into account only the CO»
produced by combustion and not the CO; equivalent including methane slip, CHs+ and N>O emissions.
Considering the contribution of methane slip (Equation (28)), the CII* value and the ship ranking change
substantially: the attained value is 6.48 and the ship is rated in Category “A” only from 2025 to 2029, projected
to fall in Category “E” by 2040 (Figure 12b) with a substantial anticipation of the need for corrective actions.

In 2025, the distribution of energy-related costs per voyage is as follows: 69.44 % for bunkering, 23.33
% for EU ETS, and 7.24 % attributed to the FuelEU penalty. Over time, the shares associated with bunkering
and EU ETS increase solely due to inflation. By 2050, as observed in the "Diesel" configuration, the FuelEU
penalty becomes the dominant component of energy costs in the LNG scenario as well, accounting for 86.81
%, followed by bunkering at 8.89 % and EU ETS at 4.30 %. Over the 25-year period, total energy costs rose
from approximately €12.7 million to nearly €163 million (an almost 12-fold increase), primarily driven by the
escalating FuelEU penalty. In the absence of this penalty, the cost escalation would be limited to a factor of
approximately 1.7, driven solely by inflation. The temporal evolution of total energy costs is presented in
Figure 12¢, while the breakdown of cost components is shown in Figure 12d.

5.3 Methanol

In the MeOH configuration, the vessel consumes 332.46 tonnes of MeOH and 19.91 tonnes of MGO
per voyage, corresponding to annual consumptions of approximately 38,565 tonnes and 2,309 tonnes,
respectively. During the navigation phase, the ship operates three engines with a combined average efficiency
of 69 %. As previously discussed, three MeOH types are evaluated, differentiated by their production
pathways: NG-MeOH, bio-MeOH and e-MeOH.

For the NG-MeOH scenario, each voyage results in approximately 538.26 tonnes of CO.eq TtW
emissions, amounting to 62,438 tonnes annually. These emissions are primarily composed of CO2 (96.79 %),
with minor contributions from N>O (3.12 %) and CH4 (0.09 %). In contrast, for bio- and e-MeOH, classified
as a renewable biological and non-biological fuel, respectively, TtW emissions are much lower: 81.13 tonnes
for each voyage, 9,411 annually (an 84.9 % reduction). This is possible in agreement with the EU regulations,
which permit fixing the CO; emission coefficient to zero, as the bio-MeOH is produced from biomass (black-
liquor gasification integrated with pulp mill) and e-MeOH via direct air capture of CO; and hydrogen from
renewable (green or purple) sources [64, 113-115].
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Fig. 12 LNG configuration evolution in 2025-2050

Consequently, for these cases, the main emission contribution is given by MGO pilot fuel (79.9 % of
the total emissions). It is noteworthy that, despite the zero TtW CO» emissions allowed by the EU regulations,
the configuration using bio-MeOH is not compliant with the FuelEU regulation for the entire period
considered, for which the penalty will start to be paid in 2050.

The WtT COzeq emissions vary significantly by MeOH type: NG-MeOH results in 219.32 tonnes of
WtT CO: per voyage, while bio-MeOH yields 81.04 tonnes (a 63 % reduction), and e-MeOH only 41.35
tonnes (an 81.1 % reduction). These values have a direct and substantial impact on the overall WtW GHG
emissions and, consequently, on the FuelEU Maritime penalty. In the NG-MeOH case, the GHG WtW
intensity reaches 101.47 gCO2/MJ, exceeding the IMO reference threshold; the vessel is therefore non-
compliant even at present, and the FuelEU penalty becomes increasingly significant over time. With bio-
MeOH, the GHG WtW value is 21.72 gCO>/MJ, allowing compliance until 2049, and the FuelEU penalty
applies from 2050. In the case of e-MeOH, the GHG WtW intensity—calculated according to the RFNBO
framework—is 7.11 gCO>/MJ from 2025 to 2033 and 14.22 gCO/MJ from 2034 to 2050, ensuring
compliance throughout the entire regulatory horizon. The temporal evolution of GHG emissions and the
associated FuelEU penalties for the three MeOH types is illustrated in Figures 13a, 13b, and 13c. The jump in
2035 of the GHG value for the e-MeOH configuration (Figure 13c) is due to the application of the RWD factor
equal to 2, since e-MeOH falls within the European category of RENBO.

The CII reference value remains constant at 9.00. The calculated CII value is 6.27 for NG-MeOH,
placing the vessel in Category “A” from 2025 through 2029. However, beginning in 2038, the vessel becomes
non-compliant, having fallen into Category “D” for three consecutive years, in violation of regulatory
thresholds. In contrast, when operating with bio- and e-MeOH, the calculated CII is significantly lower at
0.77, ensuring classification in Category “A” through 2050 and full compliance throughout the regulatory
period. The progression of CII values over time for the different MeOH types is summarised in Figure 13d.
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Fig. 13 MeOH configurations evolution in 2025-2050

Energy costs, which are strongly influenced by the FuelEU penalty, vary significantly depending on the
MeOH production pathway. For NG-MeOH, in 2025, 74.13 % of energy costs are attributed to bunkering,
17.54 % to the FuelEU penalty, and 8.32% to EU ETS. By 2050, assuming the vessel remains non-compliant
with GHG intensity regulations throughout the period, the FuelEU component becomes dominant, accounting
for 74.82 % of total energy costs. Over the 25-year period, energy costs rose from approximately €34.5 million
to €194 million. For bio-MeOH and e-MeOH, the cost distribution in 2025 is heavily weighted towards
bunkering, which accounts for 99.26 % and 99.60 % of total energy costs, respectively. The remaining shares
are due to EU ETS: 0.74 % for bio-MeOH and 0.40 % for e-MeOH. By 2050, bunkering represents the largest
cost component for bio-MeOH (89.4 %), followed by FuelEU penalty (9.35 %) and EU ETS (1.20 %). For e-
MeOH, the FuelEU penalty remains at 0.00 %, while bunkering and EU ETS contribute 98.08 % and 1.92 %,
respectively. Total energy costs over the 25-year period increase from approximately €47 million to €162
million for bio-MeOH, while for e-MeOH, they decrease from €88 million to about €54 million, due to the
absence of the FuelEU penalty and lower projected fuel prices. The time evolution of energy costs and their
component breakdowns for each MeOH type are illustrated in Figures 14, 15 and 16.
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5.4 Comparison of the different configurations

Table 8 presents the fuel consumption for a single trip for each fuel type used, along with the
corresponding CO2 equivalent WtW emissions. The fuel that produces the highest amount of emissions is NG-
MeOH, which is notably more polluting than the business-as-usual scenario employing HSFO. This is
primarily due to the WtT contribution (the highest among all the tested fuels) since the entire production chain
is associated with significant emission levels. Nonetheless, the Diesel configuration is still the second most
polluting, followed by LNG, bio-MeOH and, finally, e-MeOH. When examining the emissions coming from
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the analysed types of MeOH, the reduction in emissions occurs primarily in the TtW amount, since they
account only for the emissions related to pilot fuel due to the renewable source of bio- and e-MeOH. Besides,
the WtT emissions are remarkably reduced when employing bio- and e-MeOH, due to the higher sustainability
of the production process. However, since MDO is utilised as pilot fuel, the TtW share remains the most
significant in terms of emissions for all fuels, representing 84.85 % for the Diesel configuration, 80.03 % for
LNG, 71.05 % for MeOH, 50.03 % for bio-MeOH, and 66.24 % for e-MeOH. Except for bio- and e-MeOH,
the primary fuel is responsible for the largest share of overall WtW emissions (Table 9).

Table 8 Fuel consumption and emissions (one voyage)

Configuration | Diesel LNG MeOH
Fuel HSFO | MGO | LNG | MGO | MeOH | MGO | Type
Tons [t] 120.71 | 63.45 | 139.26 | 14.13 | 332.46 | 19.91 | -
Volume [m?] 123.17 | 71.29 | 302.75 | 15.87 | 444.46 | 22.37 | -
757.58 NG-MeOH
COzeq WEW [t] 693.35 677.08 162.18 Bio-MeOH
122.48 e-MOH

Table 9 WtT, TtW emissions and GHG Emissions Rating for fuel configuration.

Configuration | Diesel LNG MeOH
- WHT [t] | TtW [t] | WET [¢] | TeW [t] | WET [t] TtW [t] Type
219.32 538.25 NG-MeOH
COzeq [t] 105.00 | 588.34 | 135.18 | 541.90 | 81.04 81.13 Bio-MeOH
41.35 81.13 e-MeOH
101.47 NG-MeOH
GHG 91.3 90.99 21.72 Bio-MeOH
8,20 (until 2033); 16.41 | e-MeOH

Regarding the CII, the values calculated for the different configurations are shown in Figure 17 and
Table 10. The use of bio- and e-MeOH represents the most favourable option, as the vessel remains compliant
with GHG intensity limits over the entire 25-year horizon, with a substantial margin. This compliance buffer
would likely accommodate the introduction of more stringent reduction targets beyond 2027, assumed to
decrease annually by 2 % until 2050. By contrast, the NG-MeOH configuration would require corrective
measures by 2040 to maintain compliance. After bio- and e-MeOH, the LNG configuration (not considering
the effects of the methane slip) is the best: it would necessitate intervention only by 2045. However, if
emissions related to methane slip are also taken into account (CII*, see Equation (28)), the situation turns
upside down, with an index value between those of NG-MeOH and HSFO. In the graph, the relative curve is
not visible as it is almost coincident with the NG-MeOH one. The difference in the amount of emissions used
for the calculation of the CII and CII* is equal to 109.7 tonnes, corresponding to a 25 % increase. These
numbers clearly highlight that the IMO's current rules unjustly favour the use of LNG, not considering all the
pollutants in the determination of the CII.
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Table 10 CII evolution for fuel configuration

. . Non-compliant
- CII ship Compliant ) .. .
(without corrective intervention)

Diesel | 6.97 2025-2036 From 2037
NG | S1ecm 2025-2045 From 2046

6.47 (CII) 2025-2038 From 2039
MeOH 0.77 2025-2050 (bio- and e-MeOH) | Never

(&
6.27 2025-2039 (NG-MeOH) From 2040

io- and e-MeOH
31

2025 2030 2035 2040 2045 2050
Year (-)

Fig. 17 CII Rating in 2025-2050 — All fuels

On the other hand, the formulas for the GHG calculation and EU ETS, including all the emission
components (as for the EU regulations), show almost no advantage of LNG over HSFO. Finally, the Diesel
configuration has the worst performance, remaining compliant until 2037. Therefore, under the assumption of
a 25-year service life, all options except bio- and e-MeOH (and LNG de iure) would require emissions
mitigation strategies before mid-life to ensure regulatory compliance.

From a cost perspective, the magnitude of the FuelEU penalty—directly linked to the amount of WtW
emissions—emerges as the primary driver of projected energy costs in most analysed scenarios. Taking the
Diesel configuration as a reference for the 25-year projection, over the entire period, the use of LNG results
in a saving of about €26 million (-2.64 %). Regarding MeOH, if it is produced from natural gas, the
expenditure increases by €183.5 million (+18.56 %), whereas the use of bio-MeOH and e-MeOH results in
savings of €980 million (-99.17 %) and €989 million (-100 %), respectively. The year-by-year comparison is
shown in Figure B1. So, the only configuration that is compliant with the FuelEU Regulation for the entire
time period considered is the e-MeOH one.

Regarding the EU ETS, the highest costs are associated with HSFO, followed by NG-MeOH, LNG, bio-
and e-MeOH over the entire considered period. This follows directly from the TtW emissions levels, which
are only subject to EU ETS obligations. The year-by-year comparison is provided in Figure B2.

29



N. Taucer Marchesi et al. Brodogradnja Volume 77 Number 4 (2026) 77412

200 T T T
Diesel
LNG
NG-MeOH
150 Bio-MeOH a
e-MeOH

100

Energy Costs (Mln Eur)

2025 2030 2035 2040 2045 2050
Year (-)

Fig. 18 Energy costs in 2025-2050 — All fuels

Finally, over a 25-year period, the main contributors to energy-related costs are the FuelEU penalty and,
obviously, the fuel price (Figure 18). In 2025, the cost-effectiveness of each fuel is primarily determined by
its market price, with HSFO and LNG being the most advantageous options. In the following years, the two
lose progressively competitiveness due to the increasing FuelEU penalties applied. By 2040, for the analysed
cruise itinerary, the most cost-effective option is expected to be the e-MeOH, which is not subject to penalties,
as it overtakes HSFO and LNG. NG-MeOH is the least competitive due to its relatively high initial cost and,
more significantly, the high FuelEU penalties imposed throughout the vessel’s operational life. Finally, on the
studied itinerary, bio-MeOH is more competitive than NG-MeOH by 2034 and then HSFO and LNG by 2044,
thanks to its minor environmental impact.

5.5 Sensitivity analysis

The results of the two sensitivity analyses are presented below. For each analysis, a discussion on total
energy costs, regulatory cost shares, and arc elasticity are reported. The two analyses are complementary: the
fuel price sensitivity quantifies the exposure of each pathway to market volatility, while the methane slip
sensitivity isolates the regulatory and economic consequences of adopting different emission accounting
assumptions for LNG-fuelled vessels. Tables and figures summarizing the results are reported in Appendix C.

5.5.1 Fuel prices

Regarding the energy costs, the results show that total annual energy costs for conventional pathways
(HSFO, LNG, MeOH) vary by 23-39 % between S-low and S-high in 2025 (HSFO: €15.6 million to €21.7
million; LNG: €13.8 million to €17.0 million; MeOH: €34.6 million to €43.8 million), with cost variation
consistently lower than the fuel price spread due to the buffering effect of fixed regulatory components. The
regulatory share (ETS plus FuelEU) ranges between 20 and 36 % across fuels and scenarios in 2025,
converging toward 85-91 % by 2050 as FuelEU non-compliance penalties, growing proportionally to the
widening gap between WtW GHG intensity and tightening annual targets, progressively overwhelm fuel
expenditure. Its incidence is highest under S-low for all conventional pathways, confirming that low fossil
prices amplify the relative weight of regulatory costs.

Based on the adopted projections, e-MeOH is the only fuel among those evaluated that remains
competitive in the long term, despite its current cost being approximately six times higher than LNG. The
expected price decrease over time, combined with its low-emission profile and the escalating FuelEU penalties
on fossil alternatives, leads to an overall reduction in energy costs, making it the most advantageous pathway
from 2040 onwards, provided the projected price floor is reached on schedule. The qualitative ranking of fuel
pathways is therefore altered over the analysis horizon, with e-MeOH transitioning from the highest- to the
lowest-cost option by 2040.

30



N. Taucer Marchesi et al. Brodogradnja Volume 77 Number 4 (2026) 77412

Arc elasticity statistics confirm near-unit price sensitivity for e-MeOH over 2025-2033, the only period
during which scenario prices diverge. From 2034 onward, all scenarios converge to the floor price, rendering
the elasticity undefined. Bio-MeOH shows the highest elasticity among all pathways, reflecting fuel-cost
dominance with limited regulatory exposure. Conventional fuels display intermediate values (LNG: 0.360;
HSFO: 0.436; MeOH: 0.521), decreasing over time as growing regulatory costs progressively dilute price
sensitivity.

5.5.2 LNG methane slip

Regarding methane slip, the WtW GHG intensities of S, S, and S5 are 91.0, 97.6, and 106.6 gCO2.¢/MJ,
respectively, all exceeding the FuelEU 2025 threshold of 89.3 gCO2/MJ. Consequently, the vessel incurs
non-compliance penalties from the first reporting year under every methane slip scenario. In 2025, total energy
costs range from €12.71 million (S;) to €20.60 million (S3), a differential of 62% driven entirely by the higher
FuelEU penalty and ETS liability associated with greater slip. The corrected carbon intensity indicator CII*
equals 6.54, 7.13, and 7.94 for S;- S5, respectively, implying that the regulatory default systematically
underestimates actual carbon intensity by up to 21 %. The arc elasticity Eg;,, decreases monotonically from
approximately 0.68 in 2025 to 0.06 in 2050. This decline is not indicative of diminishing impact of methane
slip but reflects a structural shift in cost composition: as FuelEU targets tighten, the absolute difference in
penalties between scenarios remains approximately constant, since it is proportional to the fixed GHG WtW
gap between S; and S3, while the average energy costs grow substantially, compressing the relative metric.
Accordingly, the regulatory share converges to approximately 90 % across all scenarios by 2045, a structural
consequence of the 2050 FuelEU target lying a factor of 5-6 below the WtW intensity of any LNG pathway.
This result indicates that, under the current FuelEU trajectory, continued LNG operation becomes financially
untenable by approximately 2040-2045, regardless of methane slip mitigation, with penalties representing the
dominant cost driver irrespective of engine technology. Tables and figures summarizing the results are
reported in Appendix C.

5.6 Final remarks

The differences in emissions and energy costs among the three tested solutions are significant.
International regulations on pollutant emissions are becoming increasingly stringent, and under the FuelEU
initiative, the associated penalties can heavily impact total operational costs over the vessel’s lifetime. Fossil-
derived fuels (HSFO, LNG, and NG-MeOH) result in high emissions, while renewable-based fuels such as
bio- and e-MeOH currently suffer from high production costs that hinder their immediate adoption.
Consequently, lifetime energy costs increase either due to emissions-related penalties or the high price of the
fuel itself.

Based on the adopted projections, e-MeOH is the only fuel among those evaluated that remains
competitive in the long term, despite its current high price suggesting otherwise. The expected price decrease
over time, combined with its low-emission profile, leads to an overall reduction in energy costs, making it
particularly advantageous from 2040 onwards, when both HSFO and LNG become less economically viable.
However, passenger ships collectively consume a very large amount of fuel: in 2024, the EU passenger and
cruise sector accounted for 46.21 tonnes of total fuel consumption [128]. If MeOH were to become the main
fuel for this segment, its lower calorific value would have significant implications. For the simulated route,
the calculated consumption ratio between MeOH and conventional diesel configurations was 1.91, meaning
that almost twice as much MeOH would be required to deliver the same energy. This lower energy density
translates into both higher overall fuel volumes and reduced vessel autonomy, which in turn intensifies the
need for adequate supply and storage infrastructure. Meeting such demand would require a fundamental
transformation of fuel production and distribution systems. Large-scale deployment of e-MeOH would depend
on the development of extensive renewable or nuclear-based hydrogen production, coupled with carbon
capture, to ensure a sustainable supply chain. In parallel, a comprehensive network of coastal storage and
bunkering facilities would need to be established, reaching a level of coverage at least comparable to today’s
HSFO or LNG infrastructure, to support regular cruise operations across European ports.
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In addition to these logistical and production challenges, current e-MeOH prices remain significantly
higher than those of conventional fuels. Achieving cost competitiveness will depend on economies of scale,
which in turn rely on long-term investments and policy support. As a result, a rapid and complete transition
to e-MeOH is not yet feasible under current market and infrastructure conditions. Nevertheless, given its
strong long-term economic potential and alignment with EU decarbonization targets, building new passenger
and cruise ships with methanol-ready configurations could offer both environmental benefits and a
competitive advantage in the coming decades. For vessels expected to operate beyond 2040, such a strategy
would facilitate future fuel switching and avoid costly retrofits, positioning operators favourably as e-MeOH
production and bunkering networks expand. In the near future, within the considered operating context, a large
cruise ship aiming to comply with international regulations shall significantly reduce its environmental
footprint. Thus, the adoption of renewable fuels is mandatory across the entire supply chain, from production
to combustion (WtW emissions). As demonstrated by the NG-MeOH test case, high upstream emissions from
extraction, production, and transport can offset the benefits of low combustion emissions.

Moreover, the study highlights that the contribution of fossil fuels used in auxiliary systems, specifically
in boilers and as pilot fuel for dual-fuel engines, while relatively small, is not negligible. In the bio- and e-
MeOH scenarios, MGO accounts for the entirety of the TtW emissions, resulting in an excessive GHG
intensity penalty by 2050 even in the bio-MeOH case for the analysed cruise. Replacing MGO with biodiesel
or suitable blended alternatives could further reduce overall vessel emissions and help avoid such penalties.
This approach could, in principle, also be extended to the direct replacement of HSFO with bio-based fuels.
However, since renewable fuels currently remain more expensive than conventional options and their
availability is still limited, the implementation of economic incentives and supportive policy measures will be
essential to enable their broader adoption. On the other hand, their widespread use would face fewer
infrastructural challenges, as existing fossil fuel storage and distribution facilities could largely be adapted for
biofuel supply, reducing the need for entirely new bunkering networks.

The extension of the EU ETS to maritime transport carries combined significant economic
consequences. The cost of carbon allowances has the potential to reshape freight rates, particularly on long-
distance routes, while simultaneously encouraging both operational efficiency measures and investments in
alternative fuels such as LNG, biofuels, and e-fuels. Yet, the regional scope of the measure creates concerns
about competitive imbalances, as non-EU carriers may be disproportionately affected. To address this, part of
the revenues from allowance auctions are directed toward the Innovation Fund and the Ocean Fund, designed
to support research and the adoption of clean maritime technologies.

Despite its benefits, the EU ETS faces criticism regarding administrative burdens, exposure to volatile
carbon markets, and the risk of carbon leakage through rerouted shipping services. Furthermore, questions
remain about the effectiveness of a regional mechanism in addressing what is ultimately a global industry.
Nevertheless, the EU’s unilateral decision to include shipping within the EU ETS is widely recognised as a
pivotal development in climate policy. It demonstrates both a commitment to reducing emissions within its
jurisdiction and an effort to set an international precedent that could influence the establishment of broader,
global market-based measures under the IMO.

FuelEU Maritime is expected to have an even higher transformative effect on the shipping sector by
establishing a clear decarbonization pathway that stimulates demand for alternative fuels. This regulatory
certainty encourages investment in production facilities, bunkering infrastructure, and vessel adaptations,
helping to overcome the long-standing barriers to low-carbon fuel adoption. However, the regulation also
raises concerns regarding fuel availability, competitiveness, and safety, particularly for emerging carriers such
as hydrogen and ammonia, and may risk creating regional imbalances if not aligned with global supply chain
developments. From a governance standpoint, FuelEU Maritime reflects the EU’s strategy of combining
market-based measures like the EU ETS with performance standards, thereby offering both economic
incentives and technological guidance. This dual approach seeks to avoid the limitations of carbon pricing
alone while preventing rigid technology mandates that could hinder flexibility. Its effectiveness will ultimately
rely on robust enforcement, alignment with international frameworks such as the IMO’s GHG strategy, and
the shipping industry’s ability to adapt to an evolving regulatory landscape. In fact, if global regulations are
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not established, there is a serious risk that older vessels will simply be relocated to operate outside EU waters,
while newer vessels remain in the European market. Such a shift would undermine the effectiveness of
regional measures, as it would not lead to the desired and necessary reduction in global CO» emissions from
the whole maritime sector.

6. Conclusions

In this study, the 25-year energy costs of a large cruise ship operating in the Adriatic Sea are analysed,
comparing the use of three different fuels: HSFO, LNG, and three types of MeOH. The calculations were
conducted within the current regulatory framework (including EU and IMO regulations) for emission
assessment, incorporating assumptions on fuel price evolution and carbon pricing over the considered time
horizon.

The comparative analysis of emissions and energy costs across the evaluated fuel options reveals
significant disparities. Fossil-derived fuels (HSFO, LNG, NG-MeOH) entail high emission profiles, while
renewable alternatives such as bio- and e-MeOH remain constrained by the lower volumetric energy density,
high production costs, limitations of production capacity and bunkering infrastructure. As international
environmental regulations tighten under frameworks such as FuelEU and the EU ETS, lifetime operational
costs are increasingly shaped either by emission-related penalties or by the premium price of low-carbon fuels.
The fuel price sensitivity analysis confirms that e-MeOH in any case becomes the most economically
competitive from 2040. Large-scale adoption in cruise shipping, however, would necessitate substantial
renewable MeOH production capacity and expanded bunkering infrastructure. Methanol-ready vessels are
already technically feasible. Therefore, new cruise ships intended to operate in Europe throughout their service
life should be designed as methanol-ready from the outset. Nevertheless, under the current regulatory
framework, the economic benefits would materialise only in the longer term; thus, public incentives remain
necessary to accelerate the uptake of e-MeOH.

The methane slip sensitivity analysis shows that all LNG engine configurations examined exceed the
FuelEU 2025 GHG threshold, generating non-compliance penalties from the first reporting year. The
regulatory default value (3.1 %) systematically underestimates actual carbon intensity by up to 21 % compared
to fleet-average operational measurements (6.4 %). By approximately 2040-2045, continued LNG operation
will become financially untenable regardless of engine technology, as penalties converge to approximately 90
% of total energy costs. The study recommends revising emission accounting to reflect real operational
methane slip values and confirms that LNG should be treated as a transitional rather than long-term solution.
In any case, in the long term, the adoption of more realistic methane slip fractions gives a contribution to the
total cost of energy, becoming negligible compared to the penalties due to the FuelEU Maritime Regulation.
Therefore, only a swift correction of regulatory methane slip fractions can have a strong impact on the energy
costs, inducing ship owners to switch toward more sustainable fuels.

The transition to renewable fuels underscores the importance of a full supply-chain (WtW) perspective:
in particular, upstream emissions from fossil-derived MeOH can undermine the benefits of low combustion
emissions, while partial reliance on MGO in dual-fuel systems further contributes to the carbon footprint.
Substitution with biodiesel or blends could represent promising compliance pathways worthy of further
investigation, as they could reduce overall energy costs while maintaining regulatory compliance both for
conventional ships and for those already operating on alternative fuels. The inclusion of maritime transport in
the EU ETS represents a turning point in climate governance, incentivising efficiency measures and low-
carbon fuels but also raising concerns about competitive asymmetries, carbon leakage, and administrative
burdens. FuelEU Maritime complements this approach by providing regulatory certainty and a
decarbonization pathway that stimulates investment in alternative fuels, infrastructure, and vessel adaptation.
Nevertheless, challenges remain regarding fuel availability, safety, and global alignment, particularly for
emerging carriers such as hydrogen and ammonia.

The objective of the study is not to predict absolute fuel consumption with high pointwise accuracy, but
to compare the relative impact of regulatory mechanisms and fuel choices under a consistent set of
assumptions. However, this choice allows a consistent and transparent comparison of regulatory-driven
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operational costs across different fuels, independently of ship-specific investment strategies. Thus, several
directions for future research are identified. First, since the simulation algorithm is applied deterministically,
the results provide an overview of a specific case under average environmental conditions. The adoption of a
probabilistic framework would enable a more robust, risk-based assessment of regulatory compliance,
capturing and quantifying the uncertainties in environmental and operational conditions that a single
deterministic scenario cannot represent. Second, the economic analysis could be strengthened through multi-
scenario sensitivity analyses and extended to a full techno-economic assessment, including the capital
expenditures associated with newbuilding and retrofit strategies for LNG- and MeOH-fuelled ships.
Moreover, a full Life Cycle Assessment (LCA) of the evaluated fuel options represents a necessary next step,
as it would broaden the scope of the analysis beyond operational energy costs and regulatory penalties,
encompassing the wider environmental footprint of each fuel pathway. Third, in the CII calculations, the
contribution of OPS is not included, although its use is planned under FuelEU. So, given that countries
bordering the Adriatic Sea rely heavily on non-renewable electricity sources, a dedicated investigation should
be conducted to assess the impact of OPS under different energy mix scenarios.

The findings of this study suggest that the window for a cost-effective transition to renewable marine
fuels is approaching. Within an unbalanced and non-harmonised regulatory framework, the quantitative data
produced by this study constitute a valuable reference for stakeholders operating under regulatory uncertainty.
Moreover, the proposed methodology is directly transferable to other cruise vessel and operational scenarios,
enabling similar assessments tailored to different contexts. Early investment in methanol-ready ship design,
coupled with supportive policy mechanisms and infrastructure development, will be decisive in determining
whether the cruise sector can align with the EU's long-term climate neutrality objectives.

NOMENCLATURE
CCS Carbon Capture System MARPOL | Marine Pollution
CII Carbon Intensity Indicator MeOH Methanol
CH4 Methane MDO Marine Diesel Oil
CO, Carbon Dioxide MGO Marine Gas Oil
DCS Data Collect System N,O Nitrous Oxide
DPF Diesel Particulate Filters NOx Nitrogen Oxides
ECA Emission Control Area OCCS Onboard Carbon Capture System
EEDI Energy Efficiency Design Index OPS Onshore Power Supply
EEXI Energy Efficiency Existing Ship Index PM Particulate Matter
EF Emission Coefficient SCR Selective Catalytic Reduction
EU ETS | European Union Emission Trading System | SECA Sulphur Emission Control Area
EU European Union SEEMP Ship Energy Efficiency Management Plan
FLL Fuel Life Cycle Label SPS Sandwich Plate System
GFI GHG Fuel Intensity SO« Sulphur Oxides
GHG Green House Gasses RFNBO Renewable Fuels of Non-Biological Origin
GT Gross Tonnage ULSFO Ultra-Low Sulphur Fuel Oil
GWP Global Warming Potential UN United Nations
HFO Heavy Fuel Oil VLSFO Very-Low Sulphur Fuel Oil
HSFO High Sulphur Fuel Oil VOCs Volatile Organic Compounds
IMO International Maritime Organization TtW Tank-to-Wake
LCV Lower Calorific Value WtT Well-to-Tank
LNG Liquefied Natural Gas Wtw Well-to-Wake
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APPENDIX A

Table A1 presents the detailed schedule of the original itinerary. For each subleg, the operational phase,

the length, the duration, the start time, and the velocity are reported.

Table A1 Detailed Schedule and discretization of original itinerary

nSubLeg | Type Leg Length [mn] | At [h] | Start time [hh:mm] | Vt [kn]
1 Port Stay ITVCE 0.0 0.1 16:00 0.0
2 Maneuvering | ITVCE 0.1 0.1 16:05 1.0
3 Transit ITVCE — SIKOP | 0.3 0.2 16:09 3.0
4 Navigation | ITVCE — SIKOP | 4.4 0,7 16:18 7.4
5 Navigation ITVCE — SIKOP | 2.1 0.1 16:59 9.7
6 Navigation | ITVCE — SIKOP | 5.3 0.7 17:03 10.3
7 Navigation | ITVCE — SIKOP | 30.6 3.8 17:47 8.4
8 Navigation ITVCE — SIKOP | 13.8 1.5 21:35 9.3
9 Navigation ITVCE — SIKOP | 24.5 34 23:07 7.7
10 Navigation | ITVCE — SIKOP | 34.5 3.0 02:33 9.7
11 Navigation | ITVCE — SIKOP | 2.5 0.5 05:32 6.2
12 Navigation | ITVCE — SIKOP | 0.5 0.1 06:03 1.8
13 Transit ITVCE — SIKOP | 0.3 0.2 06:09 2.9
14 Maneuvering | SIKOP 0.2 0.2 06:18 1.9
15 Port Stay SIKOP 0.0 9.2 06:27 0.0
16 Maneuvering | SIKOP 0.3 0.1 15:38 1.3
17 Transit SIKOP — HRZAD | 0.1 0.0 15:42 4.2
18 Navigation SIKOP — HRZAD | 1.8 0.2 15:44 7.3
19 Navigation SIKOP — HRZAD | 0.9 0.2 15:58 10.6
20 Navigation SIKOP — HRZAD | 10.9 1.5 16:08 12.7
21 Navigation SIKOP — HRZAD | 26.9 2.1 17:35 13.1
22 Navigation SIKOP — HRZAD | 11.8 3.0 19:43 12.7
23 Navigation SIKOP — HRZAD | 45.5 1.3 22:43 10.9
24 Navigation SIKOP — HRZAD | 3.3 0.4 23:58 9.1
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25 Navigation SIKOP — HRZAD | 7.9 0.6 00:22 11.6
26 Navigation SIKOP — HRZAD | 1.3 0.4 00:59 11.9
27 Navigation SIKOP — HRZAD | 6.3 0.4 01:21 10.1
28 Navigation SIKOP — HRZAD | 51.4 4.1 01:47 12.5
29 Navigation SIKOP — HRZAD | 3.7 0.3 05:51 11.5
30 Navigation SIKOP — HRZAD | 1.5 0.1 06:06 8.5
31 Navigation SIKOP — HRZAD | 0.4 0.1 06:11 5.5
32 Transit SIKOP — HRZAD | 0.4 0.2 06:16 3.3
33 Maneuvering | HRZAD 0.1 0.5 06:25 1.3
34 Port Stay HRZAD 0.0 8.7 06:57 0.0
35 Maneuvering | HRZAD 0.2 0.2 15:37 1.1
36 Transit HRZAD — ITVCE | 0.6 0.1 15:50 43
37 Navigation HRZAD — ITVCE | 0.8 0.1 15:55 8.6
38 Navigation HRZAD — ITVCE | 3.5 0.5 16:02 11.4
39 Navigation HRZAD — ITVCE | 454 4.6 16:32 12.9
40 Navigation HRZAD — ITVCE | 30.7 1.7 21:08 11.3
41 Navigation HRZAD — ITVCE | 17.9 24 22:48 9.9
42 Navigation HRZAD — ITVCE | 44.4 33 01:10 11.4
43 Navigation HRZAD — ITVCE | 9.4 0.5 04:29 12.1
44 Navigation HRZAD — ITVCE | 4.0 0.4 05:00 11.0
45 Navigation HRZAD — ITVCE | 2.9 0.4 05:22 9.4
46 Navigation HRZAD — ITVCE | 2.8 0.3 05:45 7.2
47 Transit HRZAD — ITVCE | 0.1 0.0 06:05 1.7
48 Maneuvering | ITVCE 0.2 0.2 06:07 1.6
49 Port Stay ITVCE 0.0 9.7 06:16 0.0
APPENDIX B

FuelEU penalty and EU ETS totals evolution in 2025-2050 for each fuel considered are reported in
Figures B1 and B2.
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APPENDIX C

This appendix collects the graphical and tabular outputs of the two sensitivity analyses described in
Section 3.6 and discussed in Section 5.5. For the fuel price sensitivity, Figures C.1-C.5 report the total energy
cost trajectories and regulatory penalty shares for each fuel pathway under the three price scenarios (S-low,
S-mid, S-high); Table C.1 summarises the arc elasticity statistics by fuel, and Table C.2 provides the reference
market prices adopted as of May 2026. For the methane slip sensitivity, Figure C.6 reports the total energy
costs, regulatory penalty share, compliance map, and energy cost variations across the three methane slip
scenarios (S1—Ss); Table C.3 summarises the technical parameters and key economic indicators for each
scenario, and Table C.4 reports the arc elasticity at the reference years. All figures follow the graphical
conventions established in the main text; shaded bands represent the scenario range (S-low to S-high) unless
otherwise indicated.
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Fuel Mean Efuel Min Efuel Max Efuel
HSFO 0.436 0.134 0.773
LNG 0.360 0.103 0.679
MeOH 0.521 0.246 0.773
Bio-MeOH | 0.731 0.371 0.937
e-MeOH 0.979 0.946 0.993
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Table C2 Price of the fuels tested as of May 2026
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Fuel HSFO | MGO | LNG | MeOH Bio-MeOH e-MeOH
. 2,100 (2025)
635 1,392 | 652 850 1,110
Price [€/t] 1,325 (2034)

Table C3 Scenario Summary: Technical Parameters and Key Indicators

S1. | 52 | 53
Csiip (%) 3.1 4.5 6.4
GHG WtW (gCO2¢/MJ) | 91.0 97.6 106.6
Non-compliant from 2025 2025 2025
EC 2025 (MIn €) 12.76 | 16.35 | 20.65
EC 2050 (MIn €) 162.86 | 166.00 | 169.60

Table C4 Methane slip arc elasticity

Year | Egy;
2025 | 0.68
2030 | 0.55
2035 | 0.40
2040 | 0.25
2045 | 0.15
2050 | 0.06
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