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Reducing the carbon intensity of maritime transport is essential to achieve global emission reduction
targets. Electro-fuels (e-fuels) represent a promising cleaner alternative to conventional marine fossil
fuels, offering potential lifecycle greenhouse gas reductions when synthesised from renewable electricity

and low-carbon feedstocks. While techno-economic and environmental assessments of e-fuels exist,

their broader sustainability implications, spanning technological, economic, environmental and safety

factors together, remain largely unexplored. This study introduces a quantitative framework to assess the
sustainability of ship fuel systems that integrates key performance indicators (KPIs) across these four
areas. A case study is conducted to compare the sustainability of carbon-based e-fuels (e-methanol and

e-diesel) and carbon-free e-fuels (hydrogen and ammonia) against marine diesel oil (MDO) under

multiple decision-making perspectives. The robustness of the overall sustainability-based ranking of fuel

alternatives, as derived under each perspective, against uncertainties in the individual KPIs is confirmed

via sensitivity analysis. Environmental and safety aspects are found to be critical in comparing the
sustainability of alternative fuels. Both e-methanol and e-diesel achieve higher overall sustainability than
MDO, irrespective of the decision-making perspective. Ammonia and hydrogen are hindered by safety
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concerns in the short term, although ammonia also shows long-term potential for sustainable shipping

subject to appropriate risk management and the implementation of inherently safer design measures.
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rsc.li/sustainable-energy

1 Introduction

There is a growing consensus on the urgency of decarbonising
maritime transport, which alone accounts for approximately 3%
of global CO, emissions." These emissions are projected to
continue rising, with an average annual increase of nearly 1.5%
over the past decade.” In response, the International Maritime
Organization (IMO) outlined a climate strategy in 2018 targeting
a 50% reduction in shipping-related greenhouse gas (GHG)
emissions by 2050 compared to 2008 levels.® This ambition was
recently reinforced through a commitment to reach net-zero
GHG emissions from shipping by around 2050, with binding
reduction checkpoints set for 2030 and 2040.** To date, most
decarbonisation efforts have focused on improving the design
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Overall, the proposed framework enables a comprehensive assessment of alternative fuel systems for
cleaner shipping, guiding future sustainability-driven policy and technology development.

and operational features of ships.® However, these strategies
primarily enhance the energy efficiency and, alone, will be
insufficient to meet the set net-zero targets by 2050. The wide-
spread adoption of clean marine fuels to complement these
energy efficiency measures will be essential, therefore, for
transitioning towards a carbon-neutral maritime industry.”*
Liquefied natural gas (LNG) can reduce shipping-related carbon
emissions by about 30% compared to conventional marine
fuels,” but methane slip limits its overall decarbonisation
potential.® Onboard carbon capture and storage (OCCS) could
also mitigate residual emissions, but its implementation on
ships remains technologically challenging, reinforcing the need
for cleaner fuels at scale. Of the alternatives, biofuels have
been investigated as potential low-carbon solutions, particularly
when produced from sustainable feedstocks.’>™* Their large-
scale deployment in shipping, however, is hindered by limited
sustainable biomass availability, land-use requirements,
regional supply restrictions, and indirect sustainability
concerns such as biodiversity loss.**” Additionally, the scale of
marine fuel demand makes it unlikely that biofuels will be able
to provide a long-term sector-wide solution without competing
with other sectors, including food production, road transport,

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5se00821b&domain=pdf&date_stamp=2025-11-14
http://orcid.org/0009-0001-9547-4289
http://orcid.org/0000-0002-0770-1710
http://orcid.org/0000-0002-7203-9655
http://orcid.org/0000-0003-4780-9686
http://orcid.org/0000-0003-4680-535X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00821b
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE009023

Open Access Article. Published on 10 October 2025. Downloaded on 4/9/2026 9:34:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

aviation, and bioenergy for power generation or BECCS.**"*” For
these reasons, international decarbonisation roadmaps
increasingly consider biofuels as temporary measures, while
highlighting synthetic electro-fuels (e-fuels) as scalable and
long-term solutions for maritime decarbonisation.'®**°

Accordingly, attention has shifted to e-fuels, produced from
renewable electricity and broadly distinguished into two cate-
gories: carbon-free and carbon-based.'®*~** Carbon-free e-fuels,
such as hydrogen and ammonia, lead to zero direct CO, emis-
sions during onboard use.**** However, their overall climate
benefits depend critically on the carbon intensity of upstream
production pathways.””*® Carbon-based e-fuels, on the other
hand, represent synthetic alternatives that can be seamlessly
integrated into existing ships and bunkering infrastructure.”>*®
These can be produced using CO, from direct air capture (DAC),
avoiding the sustainability concerns associated with biomass-
derived sources and offering a scalable, long-term alternative
to biofuels.?****" In particular, e-diesel, produced via Fischer-
Tropsch synthesis,** and e-methanol are gaining momentum as
low-carbon substitutes for conventional marine diesel oil
(MDO).*** Various industry-led studies point to e-methanol as
a leading candidate among synthetic fuels, supported by
ongoing pilot projects and early commercial deployment in
shipping.****

Table 1 presents a comparative overview of the prominent e-
fuels considered for maritime applications, outlining their
feedstocks, production pathways, development stage, and key
adoption challenges.
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Previous studies on marine e-fuels have focused primarily on
their economic and environmental performance.****** Techno-
economic analyses indicate that e-fuels can substantially
reduce GHG emissions, but bridging the cost gap with
conventional marine diesel requires carbon pricing or compa-
rable policy measures.***® Environmental assessments have
largely relied on life-cycle assessment (LCA) methodologies,
which may adopt different system boundaries: fuel production
and transportation (well-to-tank), onboard use (tank-to-wake),
or the full fuel value-chain from production to end-use (well-
to-wake).?* Recent LCA studies*"****> have adopted the well-to-
wake perspective for marine fuels, providing valuable insights
into the life-cycle environmental impacts of marine fuels across
different production pathways. For instance, Guyon et al.>
assessed methanol and ammonia as marine fuels, considering
several synthesis pathways for each across diverse regions and
projected timelines through 2050. E-methanol and green
ammonia, produced from renewable electricity, emerged as
promising options for low-carbon shipping, with projected well-
to-wake GHG emissions around 5 g CO, per MJ by 2050,
approximately 94% lower than those of conventional MDO.
Wang et al.”” similarly showed that green ammonia can achieve
substantially lower life-cycle emissions than fossil marine fuels,
whereas brown ammonia from unabated fossil pathways was
found to perform worse, underscoring the critical role of
production routes. However, LCA results remain highly sensi-
tive to methodological choices, including system boundaries
and allocation methods, as well as the quality and availability of
input data.*** Often, LCA studies rely on incomplete or

Table 1 Comparative overview of the prominent e-fuels for maritime applications

Production
e-Fuel type Feedstocks pathways Development stage Adoption challenges
Carbon-free
Hydrogen Water (via Electrolysis®**’ Pilot- and demonstration- Very low volumetric energy
electrolysis, scale projects (e.g. ferries, density; cryogenic or high-
powered by auxiliary power pressure storage
renewable systems)***® [TRL 6-7] requirements; lack of port
electricity)*® and bunkering
infrastructure®®*°
Ammonia Renewable H, + N, Electrolysis + Several large-scale projects High toxicity and handling

Haber-Bosch
synthesis'®?®

(from air
separation)®®

Carbon-based

e-Methanol Renewable H, + CO, Electrolysis + CO,
(from DAC or point- hydrogenation'®®
source capture)*®

e-Diesel Renewable H, + CO, Electrolysis +

(from DAC or point-
source capture)*®

Fischer-Tropsch
synthesis'®?®

This journal is © The Royal Society of Chemistry 2025

announced; first maritime
pilots under
development®*° [TRL 5-6]

Early commercial
deployment
(containerships in
operation; initial
bunkering facilities
available)**** [TRL 7-8]

Feasibility and concept
studies®® [TRL 4-5]

risks; limited maturity of
engines and fuel cells;
infrastructure adaptation
required*>*!

Lower energy density than
conventional marine fuels;
requirement for dedicated
storage and distribution
systems; dependence on
large-scale renewable H,
and sustainable CO,
supply‘”’“

High production cost;
energy- and capital-
intensive synthesis; limited
demonstration at scale®>**
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inaccurate mass flow balances, while environmental impact
assessment databases may contain outdated information or
build upon data from similar (but not identical) technologies,
introducing further uncertainties.*®*® Most LCA studies
furthermore prioritise global warming potential, while
neglecting other impact categories and overlooking potential
burden-shifting, which can introduce biases.*® The Interna-
tional Council on Clean Transportation (ICCT) has also
emphasised the need for harmonised well-to-wake methodolo-
gies in the maritime sector to reduce inconsistencies.”®

Beyond environmental considerations, cleaner maritime
transportation must also meet key technological, economic,
and social requirements within a holistic sustainability frame-
work.>*” Existing LCA approaches primarily address the envi-
ronmental pillar of sustainability, overlooking trade-offs with
other key criteria such as economic viability and social
impacts.®® Multi-criteria decision analysis (MCDA) has been
applied to shipping fuels to account for such trade-offs, but
often relies on subjective scoring and weighting of criteria,
which can bias the results.’*** Instead, a comprehensive
sustainability assessment framework requires the definition
and integration of multi-criteria metrics that objectively quan-
tify impacts across all relevant sustainability dimensions, using
rigorous system-level data (e.g., energy and material flows) as
inputs.®® Recent studies have adopted such quantitative
frameworks for evaluating the sustainability of maritime tech-
nologies, based on the definition and aggregation of indices
encompassing techno-economic, environmental and safety-
related social aspects.®*®*” However, the environmental
dimension in these frameworks has so far been restricted to
operational (tank-to-wake) emissions only, introducing a bias in
the evaluation of the overall carbon footprint of e-fuels. In
addition, they rely on midpoint indicators and do not extend to
endpoint assessments, thus failing to quantify potential
damages to human health and ecosystems.

From a social sustainability viewpoint, safety is a funda-
mental prerequisite for the widespread adoption of innovative,
cleaner technologies.®>*® Flammability and toxicity are among
the main safety concerns associated with the onboard use of
low-carbon marine fuels.”” For instance, methanol may pose
additional risks compared to conventional diesel, due to its
lower flash point, increasing fire risks, and its acute toxicity
upon exposure.”® Ammonia also presents toxicity hazards that
require robust risk mitigation measures, whereas hydrogen has
distinct safety challenges pertaining to its extreme flamma-
bility.*>**”® Addressing such risks early in the development of
new technologies is critical, as this is when the potential for
modifications is the greatest.” In this context, inherent safety
assessment tools (ISATs) are increasingly recognised for their
ability to support early-stage risk evaluation,”” and for their
suitability for integration in sustainability assessment frame-
works.* Despite its relevance, the safety aspect of marine e-fuels
remains largely unexplored, which prevents a full under-
standing of the risks they present for large-scale
implementation.

The novelty of this study, therefore, lies in the development
of a sustainability assessment framework for e-fuel systems that
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addresses the identified research gaps by: (i) employing a set of
complementary key performance indicators (KPIs) to quantify
performance across the four pillars of sustainability; (ii) incor-
porating a well-to-wake environmental assessment that extends
beyond global warming potential to include multiple midpoint
and endpoint categories; (iii) embedding safety considerations
within the social dimension through inherent safety indicators;
and (iv) applying a robust multi-criteria decision-making
procedure to integrate the KPIs into a unified sustainability
evaluation. The framework is then applied to evaluate the
sustainability of e-fuels for shipping and to benchmark their
performance against conventional marine diesel oil (MDO).

The remainder of this paper is structured as follows: Section
2 presents the methodology, including the KPI definition to
evaluate e-fuel systems across multiple sustainability dimen-
sions and the procedure for combining these KPIs into a single-
value index to assess overall sustainability. Section 3 applies the
methodology to a case study comparing ship fuel systems based
on carbon-free and carbon-based e-fuels with conventional
MDO. Section 4 discusses the results, including a Monte Carlo-
based sensitivity analysis for testing the robustness of the
methodology against uncertainties in input data. Finally,
conclusions are drawn in Section 5.

2 Methodology

2.1 Overview

The proposed framework for quantitative sustainability
assessment of alternative marine fuels relies on the integration
of multiple KPIs addressing the four key pillars of sustain-
ability: technological, economic, environmental and societal
performance.”™

A multi-criteria decision-making (MCDM) approach is
adopted to integrate the KPIs into an overall sustainability
assessment framework. MCDM provides a structured procedure
for combining indicators of different natures and scales,

Definition and
quantification of KPIs

Definition of reference
systems

» Specify system boundaries Technological

«» Collect key technical data

v

Economic
» Develop and quantify

reference schemes Environmental

Safety

\

Quantification of overall
sustainability

+ Normalise KPIs

Sensitivity analysis

« Estimate uncertainty ranges
for KPIs

« Compute OSI distribution
using Monte Carlo sampling

» Apply weight factors
» Compute MoSIS and LeSIS
+ Determine the OSI

» Rank fuel systems
/

Fig. 1 Flowchart of the quantitative sustainability assessment
framework.
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ensuring that trade-offs across sustainability dimensions are
systematically addressed.”™ It can also incorporate weighting
schemes to reflect alternative decision-making perspectives”
and can account for uncertainty in data quality and modelling
assumptions through sensitivity analyses of the weights and
indicators.”®””

Fig. 1 illustrates the workflow of the quantitative sustainability
assessment. Step 1 defines a reference system for fuel storage and
utilisation for each fuel candidate. This includes a process
scheme specifying the operating conditions of onboard storage
and processing units, along with the associated energy and
material flow balances. Step 2 defines a set of KPIs to assess the
performance of the reference systems across the four pillars of
sustainability. Step 3 combines the KPIs into a single-value metric
to quantify overall sustainability. For this purpose, the TOPSIS
method” is employed as the MCDM technique (Section 2.4),
which involves normalisation of KPIs, weighting based on
decision-making priorities, and comparison with ideal bench-
mark systems (MoSIS and LeSIS). This yields a dimensionless
index (OSI) for each reference system, enabling a consistent and
comparative assessment of their overall sustainability perfor-
mance. Lastly, Step 4 ranks the reference systems by their overall
sustainability level and conducts a sensitivity analysis to assess
the ranking's robustness against uncertainty in the various KPIs.
Each of these steps is further detailed in the following sections.

2.2 Definition of reference systems

A reference system is defined for each fuel candidate to accu-
rately model its onboard storage and utilisation. This requires
setting the system boundary appropriately to establish
a common design basis for the analysis. Here, the system
boundary includes onboard fuel storage, the process units for
conditioning the fuel prior to use (e.g., heat exchangers, inter-
mediate process vessels, pumps, and compressors), and the
final utilisation technology (e.g., combustion engine and fuel
cell). Data on fuel storage conditions, key process operating
parameters, and utilisation efficiency need to be collected at
this stage for each reference system.

The common design basis is defined by the time distribution
of ship power demand over a sea voyage, as per Zanobetti
et al.;*® refer to Section 3 for details on the common design basis
adopted in the case study. The conceptual design of the refer-
ence ship fuel systems is developed on this basis by solving
material and energy balances and sizing storage and processing
units for each fuel candidate. Specifically, the storage units are
sized to accommodate the fuel inventory required to meet the
energy requirements of the ship, determined by integrating the
power demand over the duration of a sea voyage. The peak fuel
consumption rate during a voyage is used to conservatively
design the process units.

2.3 Definition and quantification of KPIs

Specific KPIs are introduced in this step to quantify the
performance of each fuel system across the four pillars of
sustainability. An important consideration here is the ability to
quantify each pillar by a single metric that can be computed

This journal is © The Royal Society of Chemistry 2025
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using preliminary technical system data only. Moreover,
tailored system boundaries can be applied to each KPI.
Extending all indicators across the entire fuel life cycle, covering
production, transport, and use, would introduce considerable
complexity and require data that are often unavailable for
emerging e-fuel technologies, where information is typically
limited to conceptual or early design stages. To address this, the
framework adjusts the scope of each indicator to capture the
most relevant impacts, with certain KPIs evaluated only within
selected stages of the life cycle. This ensures that the framework
remains comprehensive yet practical.

The selected technological, economic, environmental, and
safety-related social KPIs are detailed below, along with their
respective calculation procedures. The specific boundaries
applied in the analysis for each KPI are further described in
Section 3, within the case study.

2.3.1 Technological. The technological feasibility of
cleaner marine fuels is influenced by several factors, including
the maturity of fuel utilisation technologies, the complexity of
their integration into ships, and the associated maintenance
requirements.” Here, the onboard volume requirement is used
as a technological index, TI, to quantify the complexity involved
in integrating cleaner technologies into ships.”>*” Under the
system boundary outlined in Section 2.2, the main contributors
to onboard volumetric occupation are the storage tanks, while
the process units and the fuel utilisation system are neglected
due to their much lower space requirements relative to storage
tanks and the lack of detailed geometric data available at early
design stages.”>*” Under this assumption, the technological
index TI is given by the fuel storage volume:

2Py
J

TT= ———
p-n-LHV

(1)

P; and t; represent the average power demand and time
duration of the j-th shipping operational mode (e.g., berthing,
manoeuvring, and navigation), respectively. LHV denotes the
lower heating value of the fuel candidate. The fuel density, p, is
based on the onboard storage conditions (i.e., temperature,
pressure, and physical state). The energy conversion efficiency
during fuel utilisation, 7, is derived from literature data on fuel
utilisation technologies in shipping, including internal
combustion engines (e.g., Iannaccone et al.;’ Korberg et al.>)
and fuel cells (e.g., Ballard Power;* Tronstad et al.®'). Overall,
higher values of TI correspond to an increased onboard volume
requirement for fuel system integration, thereby reflecting
lower technological feasibility.

2.3.2 Economic. The economic index, Ecl, to evaluate the
cost performance of a fuel system is based on the net present
cost.? Future revenues are excluded to enable a more consistent
economic comparison across fuel technologies, as revenue
projections are sensitive to external factors such as market
dynamics and policy changes, making them difficult to quantify
in early-stage assessments.** The EclI calculation therefore
includes only capital expenditures (CAPEX), incurred at the
beginning of the technology lifetime, and annual operating
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expenditures (OPEX), assumed to remain constant throughout
a ship's lifetime. Under these assumptions, the EcI describes
the total lifecycle cost of fuel system implementation,
accounting for the time value of money:

', OPEX

Ecl = CAPEX +  ——— (2)
; (1+14)

CAPEX and OPEX are the initial capital expenditures and the
annual operating expenditures, respectively. The economic
lifetime of the ship fuel system, T, and the discount rate, i, are
set to 25 years and 8%, respectively.’ The input cost items used
to evaluate the CAPEX and OPEX for each fuel system are
detailed in the SI (Section S2). All costs are expressed in 2023
currency, with costs originally reported for a different year
adjusted for inflation according to trends in the European area,
as per Thaler et al.*® Overall, higher values of EcI correspond to
higher net present costs, thereby indicating lower economic
viability.

2.3.3 Environmental. The environmental index, Envl, is
derived from the environmental impact assessment method-
ology ReCiPe 2016.*** This enables the calculation of a single
aggregated environmental impact index by using pollutant
emissions as inputs and applying specific midpoint, endpoint,
and normalisation factors. Fig. 2 presents a flowchart of the
Envl calculation. Compared to the original ReCiPe 2016 meth-
odology, which includes 17 midpoint categories and 3 endpoint
categories,** Envl only accounts for selected environmental
impact categories linked to relevant pollutant emissions,
namely CO,, CH,, NO,, SO, and PM. This selection is based on
typical compositions of exhaust gases from shipping.®* As
illustrated in the flowchart, shipping-related pollution induces
various midpoint environmental impacts, leading to damage
across two primary endpoint targets: human health and

Midpoint
impact
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ecosystems. The normalisation and aggregation of these
endpoint damages ultimately produce a single aggregated
environmental performance index. In line with common prac-
tice in environmental assessments of marine fuels,* impacts
from capital goods and infrastructure, such as shipbuilding and
propulsion-system manufacturing, are not considered, as their
contribution is typically minor compared with the fuel life-cycle
stages.®”

The calculation of shipping-related pollutant emissions is
based on an activity-based approach:®

P -t
Ei = @,‘Z# [3)

7"

where E; and e; represent the total annual emissions (g per year)
and the emission factor (g kWhg ') for the i-th pollutant,
respectively. The evaluation of e; follows the framework
proposed by Law et al. for marine fuels.** For GHG pollutants
(CO, and CH,), well-to-wake emission factors are used to enable
a comprehensive assessment of a fuel's carbon footprint from
production to onboard use. For non-GHG pollutants (NO,, SOy,
and PM), onboard use emission factors are applied as a proxy
for well-to-wake values. This approach is consistent with IMO
emission control area (ECA) regulations'®® and is further sup-
ported by life-cycle studies indicating that non-GHG emissions
are generally dominated by onboard fuel use.?”**** Refer to the
SI (Section S3) for further details on the evaluation of pollutant
emission factors for each fuel system.

The environmental impact assessment adopts a hierarchist
perspective over a medium-term time frame of 100 years, as
recommended by Pedersen et al.,”* and uses characterisation
factors from ReCiPe 2016 *%%* to estimate the midpoint and
endpoint environmental impacts (Fig. 2). The endpoint impacts
are expressed in units of disability-adjusted life years (DALY) for
damages to human health and species-year for damages to

Endpoint
damage
category

Normalisation
& aggregation

category
NO,
SO, PM formation
PM

Damage to
human health

Ozone formation

!

Environmental
index
Envi

Damage to
ecosystems

NSl
(human)
CO,
Global warming
CH,§ \
NO Ozone formation
= (ecosystems) 7
NO, Terrestrial
SO, acidification

Fig. 2 Flowchart of the procedure for environmental index (Envl) calculation.
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ecosystems. The normalisation is performed by scaling the
resulting endpoint impacts by specific factors: 41.7 for human
health damage and 676 for ecosystem damage.*® The aggregated
environmental index Envl, expressed in points, is obtained by
summing both normalised endpoint impacts. Overall, a higher
Envl value indicates a greater environmental impact, trans-
lating into worse environmental sustainability.

2.3.4 Safety. Inherent safety is a key factor in the societal
acceptability of technologies and is used as a proxy for the social
sustainability of a fuel system here. Unlike most social
sustainability criteria, inherent safety can be quantified based
on technical data only.***** In particular, the hazard index (HI)
provides an early-stage assessment of onboard safety risk by
quantifying the geographical area that would be affected in an
accident caused by fuel being released:*

HI = ZW'ZC zj/'ml?x(dijk)z (4)
f 7 '

cf; represents the credit factor (1 per year) and d;;; denotes
the damage distance (m), for the i-th equipment unit, j-th
release mode and k-th accident scenario. Each equipment
unit in the reference fuel system is assigned a set of release
modes based on established guidelines.®® The credit factor c¢f
quantifies the propensity of an equipment unit to exhibit
a specific release mode and is derived from statistical leak
frequency data reported in the literature for standard process
and storage equipment.®>®® The damage distance d represents
the spatial extent over which the physical effect of an accident
scenario is above a predefined threshold. Standard conse-
quence analysis models from the TNO “Yellow Book”®” are
applied to assess such damage distances. Additional details
on the adopted release modes, credit factors, and threshold
values used to evaluate damage distances are provided in the
SI (Section S4). Overall, a higher HI value thus indicates
a larger damage area and corresponds to lower safety
performance.

2.4 Quantification of overall sustainability

The systematic procedure applied combines the four KPIs from
Section 2.3 into a single sustainability index for each fuel system
and is an adaptation of the well-established technique for order
preference by similarity to an ideal solution (TOPSIS)”® for
multicriteria decision-making. TOPSIS was selected over alter-
native MCDM methods, such as the analytic hierarchy process
(AHP) or the preference ranking organization method for
enrichment evaluation (PROMETHEE),”® due to its conceptual,
methodological, and practical advantages: (i) conceptually,
TOPSIS benchmarks alternatives directly against ideal and non-
ideal reference systems, providing an intuitive and transparent
representation of sustainability performance;”***'* (ii) meth-
odologically, TOPSIS requires only criterion weights and KPI
data, unlike AHP, which demands extensive pairwise compari-
sons, or PROMETHEE, which requires preference-function
definitions, thereby reducing complexity and limiting subjec-
tive inputs;'*'* and (iii) in practical terms, TOPSIS is

This journal is © The Royal Society of Chemistry 2025
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computationally efficient, scalable to a large number of criteria,
and has been widely applied in sustainability research.”®°*1%*
The procedure starts by normalising the KPIs to make them
dimensionless using the vector normalisation technique rec-
ommended by Vafaei et al.*® for TOPSIS applications:
T =1- 1 (5)
\/ (TL)” + (Ecl,)* + (Envl,)” + (HL)

ECI,'

Ecl" =1 - (6)
\/ (TL)* + (EcL,)* + (Envl))* 4 (HL,)*
Envl" =1 - Envl, (7)
\/ (TL)* + (EcL,)’ + (Envl,)* 4 (HL,)?
HI,
SI" =1 - ’ (8)

\/ (TL)” + (Ecl,)* + (Envl,)” + (HL)

TI”, Ecl/”, Envl,” and SI;” represent the normalised techno-
logical, economic, environmental and safety indices of the i-th
fuel system, respectively, all ranging between 0 and 1, with
higher values indicating better performance. To maintain
consistency with this interpretation, note that the hazard index
HI is renamed the normalised safety index (SI"), so that higher
values reflect improved safety performance rather than
increased hazard levels.

Weighting factors (wf) are applied to the normalised indices
(eqn (5)—(8)) to allow for specific sustainability criteria to be
prioritised according to the selected decision-making
perspective:

I{_fn: — Wj]_p/"li” (9)

I" and I;;* denote normalised and weighted indices for the i-
th fuel system and j-th sustainability domain, respectively, and
wf; is the corresponding weighting factor for that sustainability
domain; refer to Section 3 for details on the decision-making
perspectives and weighting factors adopted in the case study.

The overall sustainability performance considers two
reference solutions as benchmarks: the most sustainable
ideal solution (MoSIS) represents a hypothetical, best-in-class
fuel system in which each sustainability domain is charac-
terised by the highest weighted index value observed across all
fuel systems; whereas the least sustainable ideal solution
(LeSIS) corresponds to a hypothetical, worst-in-class fuel
system in which each sustainability domain is characterised
by the lowest weighted index value observed across all fuel
systems:

(10)

LeSIS = { min [;": je {1,..., M}} (11)

ie{l,....N}
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where N is the number of candidate fuel systems and M is the
number of sustainability domains considered. A candidate fuel
system, therefore, is deemed more sustainable the closer it is to
MoSIS and the farther it is from LeSIS. These distances from
either MoSIS or LeSIS can be calculated in the Euclidean sense:

M 2

ED%V[OSIS — Z (11'/'“! —  max Ii/'w) (12)
= : ie{l,....N} °
M 2

ED}ESIS = Z <Il/n — min }Ii/'w> (13)
4 T el N

Finally, an overall sustainability index (OSI) for each fuel
system is obtained as:

EDILeSIS

OSI; = ED}\/IOSIS i EDI_LeSIS

(14)

The OSI is a dimensionless coefficient ranging from 0 to 1,
representing the relative position of a reference fuel system
between MoSIS and LeSIS across the different sustainability
domains. A higher OSI value indicates greater proximity to MoSIS
and increased distance from LeSIS, translating into better overall
sustainability performance, and vice versa. Ultimately, the candi-
date fuel systems can be ranked according to their overall
sustainability by ordering them in descending order of OSI.

2.5 Sensitivity analysis

The previous step of the methodology compares and ranks the
candidate fuel systems according to their overall sustainability
performance. To confirm the robustness of this ranking against
uncertainties in input data, a sensitivity analysis is imple-
mented at this stage. The approach used is based on Monte
Carlo sampling to propagate uncertainties from input data to
KPIs according to specified probability distribution functions.
Triangular probability distributions are assumed for each
uncertain input due to their suitability for representing uncer-
tainty with minimal statistical assumptions,**'* considering
a compact support of £20% around the corresponding baseline
input value.® Random sampling is conducted over 10°
scenarios to ensure reliable summary statistics while keeping
the computational effort manageable.”>*® The rankings exam-
ined for sensitivity analysis, along with the uncertain input
variables of interest, are detailed later in Section 4.

3 Case study
3.1 Reference ship fuel systems

The reference ship for this analysis is a passenger vessel with
a nominal onboard power capacity of 36 MW, operating 6264
hours annually.’ The onboard fuel storage system is designed to
sustain continuous operation over a sea voyage duration of 10
days.”® The power demand profile of the ship during a sea
voyage is formulated in an activity-based form using data from
the technical literature, including the power demand P (eqn (1)
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and (3)) and time duration ¢ (eqn (1) and (3)) of each operational
mode (manoeuvring, berthing, and navigation). Further details
on the design features of the vessel, as well as the activity-based
distribution of its power demand, are available elsewhere.*?

Fig. 3 presents the four fuel systems under consideration.
Two of them utilise carbon-based e-fuels, namely e-methanol
(Fig. 3a) and e-diesel (Fig. 3d), which are gaining traction in
the maritime industry for their potential to reduce carbon
emissions while retaining compatibility with existing shipping
infrastructure.” Both systems employ internal combustion
engines (ICEs), with the e-methanol system (Fig. 3a) incorpo-
rating a dual-fuel engine in which combustion is sustained by
a small quantity of diesel-like pilot fuel."” To support low-
carbon operation, hydrotreated vegetable oil (HVO) is consid-
ered as the pilot fuel here. HVO is a second-generation biodiesel
derived from waste or residue feedstocks such as tallow, waste
oils, and fats,'*®'* and is selected for its high ignition quality
and increasing use as a drop-in fuel in maritime applica-
tions.”>'*® A pilot fuel share of 1% by volume is assumed, based
on values reported for methanol-fuelled dual-fuel engines.**
The requirement of HVO as pilot fuel in the e-methanol system
is accounted for across all four KPIs defined in Section 2.3: (i)
additional fuel storage volume (TI); (ii) capital and operating
costs associated with HVO storage, processing, and fuel price
(EcI); (iii) pollutant emissions attributable to HVO use (Envl);
and (iv) the inherent safety profile of HVO-related equipment
(HI). The other two fuel systems are based on carbon-free e-
fuels: green hydrogen (Fig. 3b) and green ammonia (Fig. 3c),
which are included to assess the performance of carbon-based
e-fuels relative to intrinsically zero-carbon energy carriers.
Cryogenic liquefied hydrogen at atmospheric pressure and
pressurised liquefied ammonia at ambient temperature are
considered for onboard fuel storage. Proton exchange
membrane fuel cells (PEMFCs) and solid oxide fuel cells
(SOFCs) are selected for their energy-efficient onboard uti-
lisation of hydrogen and ammonia, respectively.® Although
SOFCs capable of direct ammonia utilisation are not yet
commercially available for maritime applications,'* they are
considered here as a prospective technology for longer-term
utilisation of ammonia as a marine fuel. Lastly, a conven-
tional marine diesel oil (MDO)-fuelled system, following the
same reference scheme as e-diesel (Fig. 3d), is defined as the
baseline technology for benchmarking. In all reference schemes
depicted in Fig. 3, the storage system is designed by distributing
the estimated total volumetric fuel inventory required for
a single sea voyage across tanks of equal nominal capacity. All e-
fuels considered in the reference systems are produced using
renewable electricity for electrolysis. For carbon-based e-fuels,
the required CO, for synthesis is assumed to be supplied via
direct air capture (DAC). These assumptions are consistently
applied across the KPI assessments, for instance, in fuel cost
estimation within the economic dimension (see Section S2, SI)
and in the evaluation of carbon emission factors within the
environmental dimension (see Section S3, SI). Further details
on the reference fuel systems considered in this analysis
and their operating conditions are provided in the SI (Sections
$1.1-S1.4).
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Fig. 3 Reference schemes for the fuel systems under consideration: (a) e-methanol with an internal combustion engine (ICE); (b) hydrogen with
a proton exchange membrane fuel cell (PEMFC); (c) ammonia with a solid oxide fuel cell (SOFC); (d) e-diesel/marine diesel oil (MDO) with an

internal combustion engine (ICE).
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3.2 System boundaries for KPI evaluation

As introduced in Section 2.3, the case study applies tailored
system boundaries for each KPI. This approach enables the
analysis to address the impacts most relevant to each dimen-
sion, while remaining feasible within the data constraints
typical of assessments of emerging fuel technologies. The e-fuel
value chain is defined as comprising three stages: production,
transport and distribution, and onboard use. Depending on the
KPI, only a subset of these stages may be considered.

Table 2 summarises the system boundaries applied for each
KPI.

The technological KPI is confined to the onboard use phase,
as it captures the space required for fuel storage on board. Of
the various technological aspects that could be assessed for
maritime decarbonisation technologies, volume occupation at
the ship level is especially critical, since tanks and processing
equipment must be integrated within limited hull dimensions
and inevitably compete with cargo or passenger capacity.*'*?

Likewise, the safety assessment is restricted to the use phase.
Onboard storage, handling, and utilisation involve risks that
must be managed in confined spaces with limited emergency
response capacity, making them more critical than in upstream
facilities such as production plants or bunkering terminals,
where risk management frameworks are generally more
established.'**

In the economic assessment, the boundaries extend across
production, transport & distribution, and onboard use within
the e-fuel value chain. Investment and operating costs are
included for onboard equipment and storage, while upstream
costs are embedded in unitary fuel prices treated as variable
operating expenditures. Full cost assumptions and data sources
are detailed in Section S2 of the SI.

Environmental performance spans all stages of the value
chain as well. A well-to-wake perspective is essential for ensuring
a consistent and transparent comparison of alternative e-fuels,
particularly in terms of their decarbonisation potential.

Table 2 System boundaries adopted for each key performance indi-
cator (KPI)

KPI Production Transport & distribution Onboard use
Technological X X v
Economic v v v
Environmental v v v
Safety X X 4

Table 3 Weighting factors associated with the decision-making
perspectives considered in this analysis

Indicators
Decision-making
perspective TI Ecl Envl HI
Individualist 0.05 0.17 0.14 0.64
Egalitarian 0.36 0.08 0.53 0.03
Hierarchist 0.22 0.10 0.58 0.10
Equal weighting 0.25 0.25 0.25 0.25
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3.3 Decision-making perspectives

The quantitative sustainability assessment (Section 2.4)
considers four decision-making perspectives, namely individu-
alist, egalitarian, hierarchist, and equal weighting.®®*** This
selection allows for variations in sustainability assessment
outcomes to be captured across a representative set of decision-
making perspectives. The weighting factors (eqn (9)) associated
with each decision-making perspective are determined from the
literature®*”*>'** and incorporate time, space and receptor (e.g.,
humans and ecosystems) considerations. Table 3 summarises
the weighting factors assigned to the four sustainability KPIs
within each of the analysed decision-making perspectives.
Further details on the characteristics of these decision-making
perspectives and the time-space-receptor approach used for
weighting factor evaluation can be found elsewhere.”'**

4 Results and discussion
4.1 Sustainability KPIs

Fig. 4 presents the KPI values for each reference fuel system,
calculated as per Section 2.3.

From a technological feasibility standpoint (Fig. 4a), diesel-
based ship fuel systems (e-diesel and conventional MDO) ach-
ieve the highest performance, with a TI approximately three
times lower than that of the worst option (H,). This outcome is
primarily attributed to the high volumetric energy density of
diesel-like fuels. The ranking in Fig. 4a also identifies NH; and
e-MeOH as the second and third best options, respectively, with
NH; benefiting from both a high volumetric energy density and
high fuel utilisation efficiency in SOFCs. As noted in Section 3.1,
the ammonia-SOFC system analysed here represents a prospec-
tive configuration. The results should therefore be interpreted
as indicative of the long-term potential of ammonia as a marine
fuel, contingent upon further technological advances, rather
than as evidence of its current technological readiness.

The economic viability index EcI (Fig. 4b) follows a similar
pattern to that observed for TI, with the exception of e-diesel,
which has a significantly worse economic performance than
that of the other fuel candidates. This is primarily due to the
high cost of synthetic diesel, resulting in an EcI 2.7 times higher
than that of a conventional MDO fuel system. The economic
performance of all fuel systems appears to be largely driven by
operating costs, including fuel consumption, operations and
maintenance. Notably, the CAPEX of both carbon-free e-fuel
systems (H, and NHj) is 40% higher or more than that of the
other fuel systems, mainly due to the higher cost of pressurised
or cryogenic storage tanks and fuel cell-based technologies for
energy conversion. In addition, their O&M costs are up to seven
times higher than those of combustion-based systems (e-
MeOH, e-diesel, and MDO), reflecting the shorter lifetime of
fuel cells and the need for stack renewal within the system
lifetime. It is worth noting that the analysis does not consider
landside infrastructure requirements, which could further
affect the overall economic assessment. Among the options
assessed, e-diesel would likely require minimal or no additional

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Sustainability KPIs calculated for the candidate fuel systems: (a) technological index (T1); (b) economic index (Ecl); (c) environmental index

(Envl); (d) hazard index (HI).

infrastructure, representing a potential advantage not captured
in the present evaluation.

The environmental index Envl (Fig. 4c) identifies the
business-as-usual fuel system with an MDO engine as the worst
option, which is expected. The alternative fuel systems, whether
powered by carbon-based e-fuels (e-MeOH and e-diesel) or
carbon-free e-fuels (H, and NHj;), all reduce the carbon foot-
print of ship operation substantially, decreasing the global
warming impact by at least 87% compared to conventional
MDO. H, demonstrates the best environmental performance,
effectively minimising all major environmental impacts asso-
ciated with ship operation. Carbon-based e-fuels still exhibit
a much higher environmental impact than H, and NHj;,
primarily due to particulate matter (PM) emissions, which
contribute close to 90% of the EnvI index for e-diesel.

The trends in hazard index HI (Fig. 4d) are diametrically
opposed to those of Envl, with carbon-free e-fuels (H, and NHj;)
increasing onboard hazard levels by 24 times or more than
those of carbon-based fuel systems (e-MeOH, e-diesel, and
MDO). This low inherent safety performance of H, and NHj3 is
primarily attributed to the severe consequences of vapour cloud
fires and explosions in the case of hydrogen release and toxic
dispersion in the case of ammonia release. However, it is
important to note that this study reflects the level of detail

This journal is © The Royal Society of Chemistry 2025

available at an early design stage and, therefore, the effective-
ness of risk mitigation strategies and systems is not accounted
for. This is particularly relevant for ammonia-related accidents,
where water-based mitigation systems have been shown to be
effective.’® Still, such measures may be largely ineffective at
protecting the crew and passengers aboard a ship due to limited
safety distances and the complexity of the onboard layout.**” Of
the alternative fuel systems considered for decarbonising ship
operations, only e-MeOH appears to be competitive with
conventional MDO, with a HI value 5% lower. Although both
rely on a similar ICE-based fuel system (Fig. 3), the need for heat
exchangers to reduce diesel viscosity before combustion
penalises the safety performance of diesel-based technology,
given its propensity for loss of containment.

4.2 Quantitative assessment of overall sustainability

The radar plot in Fig. 5 presents the normalised indices calcu-
lated for each fuel system as part of the overall sustainability
quantification (see Section 2.4).

It shows substantial performance differences between fuel
systems across all four domains of technological, economic,
environmental and safety-related social sustainability. A key
finding is the presence of burden shifting between these
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dimensions. While reducing the environmental footprint (EnvI)
of shipping argues in favour of the adoption of carbon-free e-
fuels such as hydrogen and ammonia, their adoption intro-
duces significant trade-offs. Their safety performance (HI) is
significantly lower than that of other alternatives, and their
technological feasibility (TI) may also present challenges. In
contrast, carbon-based e-fuels (e-MeOH and e-diesel) demon-
strate significantly higher safety performance and greater
technological feasibility compared to H, and NH;. Yet, these
benefits are compromised by a large drop in environmental
sustainability and, in the case of e-diesel, a much higher net
present cost (EcI) as well. These observations emphasise the
need for a comprehensive sustainability assessment framework
that effectively integrates multiple KPIs to identify trade-offs
and ultimately feed into decision-making.
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Fig. 6 OSl values for the candidate fuel systems under various deci-
sion-making perspectives.
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Fig. 6 presents the OSI values (Section 2.4) for each fuel
system according to the various decision-making perspectives
(Section 3.3).

The environmental and safety aspects make a significant
contribution to the OSI. Under the individualist perspective,
which prioritises short-term social impacts, safety emerges as
the dominant factor in achieving high OSI values. Under the
egalitarian and hierarchist perspectives, which emphasise
medium- to long-term ecosystem preservation, the environ-
mental footprint of shipping becomes primordial and hence
promotes the adoption of cleaner marine fuels (e-MeOH, H,,
NH;, and, to a lesser extent, e-diesel). This highlights the
importance of incorporating environmental and safety evalua-
tions alongside conventional techno-economic metrics to allow
for a more comprehensive sustainability assessment.

NH; emerges as the worst option from an individualist
perspective, with an OSI value significantly lower than that of
the other fuel systems. This is primarily due to the significant
risks that accidental ammonia releases could incur on the
onboard crew and passengers. In contrast, NH; emerges as the
best option under the egalitarian perspective, and among the
top-ranked alternatives under the hierarchist perspective, due
to the considerable environmental benefits it may offer. These
findings indicate that if short-term safety concerns are effec-
tively managed, ammonia could serve as a key marine fuel in
advancing the sustainability of future shipping.

Among the cleaner fuel systems considered, both e-MeOH and
e-diesel consistently outperform MDO across all decision-making
perspectives. Notably, e-MeOH remains the top option under
every perspective except the egalitarian one, where it ranks
second. Its superior overall sustainability performance is
primarily linked to relatively high environmental benefits
combined with moderate inherent hazard levels (Fig. 4). Meth-
anol thus appears as a strong contender for sustainable maritime
decarbonisation, particularly while the technical and safety
challenges associated with hydrogen- and ammonia-based tech-
nologies are being addressed.

Finally, Table 4 summarises the results of a sensitivity
analysis (Section 2.5) for the OSI calculation (eqn (14)) against
uncertainties in the four sustainability KPI values. The Monte
Carlo sampling assumes triangular probability distributions for
the KPIs, with +20% variations centred around the baseline KPI
values (Fig. 4). The results of the sensitivity analysis express the
probability (in %) of a candidate fuel system achieving the
highest OSI value, under a given decision-making perspective.

Table 4 Sensitivity analysis showing the probability (in %) of each fuel
ranking first under various decision-making perspectives

Probability (in %) of ranking first

Decision-making perspective e-MeOH H, NH; e-diesel MDO
Individualist 100.0 0.0 0.0 0.0 0.0
Egalitarian 0.3 0.0 99.7 0.0 0.0
Hierarchist 46.4 13.7 39.8 0.0 0.0
Equal weighting 100.0 0.0 0.0 0.0 0.0

This journal is © The Royal Society of Chemistry 2025
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The analysis confirms the top overall sustainability perfor-
mance of e-MeOH, with a 100% probability of ranking first
under the individualist and equal-weighting perspectives, while
NH; ranks first with a probability close to 100% under the
egalitarian perspective. The analysis also suggests that the
rankings under the hierarchist perspective are the most sensi-
tive to input uncertainties, corroborating Fig. 6, where the OSI
values of e-MeOH, H, and NH; are comparable, although e-
MeOH retains a probability close to 50% of ranking first. This
is largely driven by the substantial environmental benefits
shared by these fuels, including reduced well-to-wake GHG
emissions and, in the case of H, and NHj;, negligible contri-
butions to non-GHG-related impacts, i.e. terrestrial acidifica-
tion, particulate matter formation, and ozone formation
(Fig. 4c). As the hierarchist perspective places the greatest
emphasis on the environmental dimension (58% weighting in
this study; Table 3), these common attributes dominate the
overall sustainability assessment, thereby reducing the differ-
ences in OSI values among the top-performing options. Overall,
the sensitivity analysis supports the main conclusions pre-
sented in Fig. 6 by confirming that the rankings are robust
against uncertainty in the estimated KPIs.

4.3 Discussion

This study offers new insights into maritime decarbonisation by
introducing a holistic perspective on the sustainability of
marine e-fuels and revealing key trade-offs across technological,
economic, environmental, and safety dimensions. The results
demonstrate that moving beyond GHG- and cost-centric
assessments can lead to substantially different conclusions,
redefining priorities for future fuel transitions.

The findings remain broadly consistent with previous
studies that identified e-methanol and ammonia as promising
fuels for cleaner shipping.'”**** In particular, the favourable
onboard integration characteristics and significant GHG-
reduction potential of e-methanol reported in previous
worlk?®*>* align with its strong overall sustainability perfor-
mance observed here (Fig. 6). At the same time, this study
advances prior work by demonstrating that the comparative
performance assessment of marine e-fuels can be substantially
reshaped when assessed through a holistic framework that
integrates techno-economic, environmental, and safety-related
social criteria. This is evident for hydrogen and ammonia,
which are frequently presented as leading candidates for ship-
ping decarbonisation,”*”"*®* yet show markedly reduced
sustainability ~ performance once safety aspects are
incorporated.

The comparison in Fig. 6 also illustrates how strongly overall
sustainability metrics may be influenced by the weighting of
environmental and safety dimensions under different decision-
making perspectives. Safety dominates under the individualist
perspective, leading to the low ranking of ammonia and
hydrogen, while environmental performance is decisive under
egalitarian and hierarchist perspectives, which raises their
ranking. Linking these patterns to the timing of fuel adoption
highlights that the near-term deployment of e-methanol is
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supported not only by its consistently strong sustainability
performance across perspectives but also by its higher techno-
logical readiness and compatibility with existing infrastructure.
By contrast, hydrogen and ammonia, despite offering substan-
tial long-term environmental benefits under perspectives pri-
oritising ecosystem preservation, are likely to play a significant
role only in later phases of the maritime transition once
advances in technology, infrastructure, and risk management
mitigate their current drawbacks.

The results carry direct implications for both industry
stakeholders and academia. For fuel producers, they under-
score the importance of prioritising carbon-based e-fuels such
as e-methanol in the near term, while sustaining investment in
research and development to address the safety and feasibility
challenges associated with hydrogen and ammonia. For ship-
owners and operators, the framework offers a structured
approach to balancing techno-economic performance, envi-
ronmental benefits, and safety considerations, thereby sup-
porting more informed investment strategies and fleet-
planning decisions. Policymakers may draw on these insights
to design regulatory and incentive schemes that move beyond
a sole focus on GHG reduction and explicitly integrate safety
and societal acceptability, ensuring that maritime fuel transi-
tions are both environmentally effective and socially viable. For
academic research, the study highlights the importance of
embedding multi-criteria approaches into sustainability
assessments and offers opportunities for methodological
innovation, particularly in linking quantitative social indicators
with sustainability-oriented decision-making approaches rele-
vant to policy and practice.

Finally, while the framework provides a structured and
holistic assessment, it does not come without limitations. The
system boundaries for certain indicators, notably technological
performance and inherent safety, were intentionally restricted
to maintain a comprehensive yet feasible analysis under the
limited data typically available for emerging cleaner fuel
systems, particularly at early design stages. As technologies
mature and more detailed life-cycle data become available,
extending these boundaries to encompass upstream and
downstream processes to capture impacts more comprehen-
sively will become increasingly feasible and desirable. Similarly,
reliance on a single metric per sustainability domain, while
suitable for early-stage assessments, could be addressed in
future work by incorporating multiple indicators within each
domain, thereby enabling a more comprehensive evaluation of
trade-offs across techno-economic, environmental, and social
aspects of sustainability.

5 Conclusions

This study introduced a novel framework for the quantitative
sustainability assessment of carbon-based and carbon-free e-fuel
systems for maritime applications. A comprehensive set of key
performance indicators (KPIs) was developed to evaluate system
performance across four critical sustainability dimensions: tech-
nological feasibility, economic viability, environmental impact,
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and safety. These KPIs were systematically integrated into
a unified metric for overall sustainability quantification.

The methodology was applied to benchmark conventional
marine diesel oil (MDO) against carbon-based e-fuels (e-
methanol and e-diesel) and carbon-free e-fuels (hydrogen and
ammonia). From a techno-economic standpoint, these cleaner
fuels are currently less competitive than MDO, primarily driven
by higher onboard volume requirements and costs. Nonethe-
less, they offer substantial environmental benefits, reducing the
overall environmental impact of shipping by at least one-third
with carbon-based e-fuels and almost completely with
hydrogen and ammonia.

Despite their environmental merits, hydrogen and ammonia
face significant barriers to widespread adoption due to low
societal acceptability and high inherent hazard levels. Out of
the alternatives evaluated, carbon-based e-fuels (e-methanol, e-
diesel) stand out as the only cleaner fuels that consistently
surpass MDO in overall sustainability, independent of the
decision-making perspective. Ammonia also shows promise, if
safety challenges can be effectively overcome. This underscores
the need for inherently safer design principles and tailored risk
mitigation strategies for ammonia storage and use onboard
ships.

A Monte Carlo-based sensitivity analysis confirmed the
robustness of the proposed ranking approach subject to KPI
uncertainty. The findings align with earlier studies that identi-
fied e-methanol as a promising candidate for shipping deca-
rbonisation, yet they extend prior analyses by demonstrating
that the sustainability of hydrogen and ammonia, often regar-
ded as leading alternatives for cleaner shipping, remains
strongly contingent on overcoming their safety-related limita-
tions. Beyond the case-specific outcomes, this study contributes
to the broader knowledge base by demonstrating that inte-
grating environmental and safety dimensions with conven-
tional techno-economic metrics within a holistic framework can
substantially reshape the comparative evaluation of marine e-
fuels. Overall, the proposed framework advances methodolog-
ical development in the sustainability assessment of marine e-
fuel systems, while also offering practical insights to support
the prioritisation of near-term fuel choices and to highlight
where further progress is required for broader adoption.

Nomenclature

Acronyms and abbreviations

BECCS Bioenergy with carbon capture and storage
DAC Direct air capture

DALY  Disability-adjusted life year

ECA Emission control area

e-diesel Electro-diesel

e-fuel Electro-fuel

e-MeOH Electro-methanol

GHG Greenhouse gas

H, Hydrogen
HVO Hydrotreated vegetable oil
ICE Internal combustion engine
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IMO International Maritime Organization
ISAT Inherent safety assessment tool
KPI Key performance indicator
LCA Life cycle assessment
LNG Liquefied natural gas
MCDA  Multi-criteria decision analysis
MCDM Multi-criteria decision-making
MDO Marine diesel oil
NH; Ammonia
OCCS  Onboard carbon capture and storage
PEMFC Proton exchange membrane fuel cell
PM Particulate matter
ReCiPe Life cycle impact assessment method
SOFC  Solid oxide fuel cell
TOPSIS Technique for Order Preference by Similarity to Ideal
Solution
TRL Technology readiness level

Indices and symbols

TI Technological index (onboard volume requirement)
[m’]

Ecl Economic index (net present cost) [€]

Envl Environmental index (aggregated environmental
impact) [points]

HI Hazard index (inherent safety indicator) [m*> per year]

OsI Overall sustainability index [-]

n Fuel utilisation efficiency [-]

0 Fuel density under storage conditions [kg m ]

LHV  Lower heating value of the fuel [M] kg™ ']

P Average power demand in operational mode j [kW]

t Time duration of operational mode j [h year ']

E; Total emissions of pollutant i [g year ']

e; Emission factor for pollutant i [g kW~ h™"]

cfy Credit factor for unit i, release mode j [1 per yr]

dyjx Damage distance for unit i, release mode j, accident
scenario k [m]

CAPEX Capital expenditures for the fuel system [€]

OPEX  Operating expenditures for the fuel system [€ per year]

T Lifetime of the ship fuel system [yr]

i Discount rate [-]

1" Normalised technological index for fuel system i [-]

Ecl/” Normalised economic index for fuel system 7 [-]

Envl;" Normalised environmental index for fuel system i [-]

SL” Normalised safety index for fuel system i [-]

" Normalised index for fuel system i [-]

wi; Weighting factor for sustainability domain j [-]

Lw Weighted index for fuel system i, sustainability
domain j [-]

MoSIS Most sustainable ideal solution [-]

LeSIS  Least sustainable ideal solution [-]

ED}'*S' Euclidean distance of fuel system i from the most
sustainable ideal solution [-]

ED{®"  Euclidean distance of fuel system i from the least

sustainable ideal solution [-]
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