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Abstract

In this work, a new method of fuel selection for ships is proposed, taking into account indicators of efficiency,
environmental friendliness and safety. First, the characteristics of hydrogen and ammonia as potential substitutes
for traditional fuels are analyzed in detail with an emphasis on cost, energy efficiency and technical features of their
storage and transportation. Next, with the help of statistical models, the risks of emergency situations were assessed,
taking into account random factors for the quantitative determination of the probability of failures under different
operating conditions. The next step is to formulate the task of optimal choice of route and type of fuel, combining
economic costs and safety requirements. A separate section is devoted to the analysis of the full life cycle of fuel, from
production to final consumption, which makes it possible to compare the environmental impact of different
options. Based on the obtained results, a generalized index was developed that allows shipowners and operators to
make informed decisions during the transition to «green» technologies. Examples of real projects illustrate the
practical suitability of the approach and its prospects for fleet modernization in the face of global emissions reduction
requirements.

Keywords: maritime transport; ship operation; environmental safety; pollution prevention; NOy emissions; technical systems;
power plants; ammonia toxicity; fuel economy; marine environment protection; alternative fuels; energy efficiency; economic
efficiency.
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AHoTaliga

Y paHHIA poGOTi 3ampoONOHOBAHO HOBUI MeTOJ BHOOPY NajuBa JJiA CyJeH 3 ypaxyBaHHAM MNOKa3HHKIB
e eKTUBHOCTI, eK0JIOriYHOCTi Ta 6e3neKu. CNoYaTKy JeTaJbHO IPO0aHa/Ii30BaHO XapaKTEepPUCTUKHU BOJHIO Ta aMiaKy
fAK NOTeHLiWHUX 3aMiHHUKIB TpaJuLiiiHUX BH/IiB NajJMBa 3 aKLEHTOM Ha BapTocTi, eHeproepeKTUBHOCTI Ta
TeXHIYHHMX 0COG/IMBOCTAX iX 36epiraHHsa Ta TpaHCNOPTYBaHHA. /lajii 32 J0MOMOrol0 CTaTUCTUYHUX MoJe el OliHeHO
PHM3UKHU HaJ3BUYANHMX CUTYalili 3 ypaxXyBaHHAM BUNIAaJKOBHX PaKTOPiB AJIf KiJIbKiCHOT0 BU3SHaYeHHS HMOBipHOCTI
BiJMOB 3a pi3HMX yMOB ekcmyartanii. HacTynHuM KpokoMm € ¢popMy/IloBaHHs 3aBJaHHS ONTHMaJIbHOTO BHUGOpY
MapLIpyTy Ta TUNY NajJMBa, L0 NMOEJHYE €eKOHOMiYHi BUTpaTH Ta BUMOrHu 6e3mekd. OKpema yBara nmpHUcCBsI4YeHa
aHaJIi3y IOBHOIO0 »KUTTEBOI0 IMKJIy Na/JUBa, Bii BAPOGHMLTBA A0 KiHILEBOr0 CNIO>KUBAaHHSA, 10 J03BOJISIE NOPiBHATH
BIUIUB Ppi3HUX BapiaHTIB Ha HaBKOJIMIIHE cepegoBuine. Ha ocCHOBI oTpuMaHuUX pe3yJbTaTiB po3po6JIeHO
y3araJibHeHUH iHAeKc, AKMi A03B0JIs€ CyAHOBJAaCHMKAM i onepaTopaM ¢JioTy npuiiMaTH OGI'pyHTOBAHI pilleHHA M,
Yac nepexoay Ha «3eJieHi» TexHoJiorii. [IpykIaayu peaJlbHUX NPOEKTIB /IIOCTPYIOTh NPAaKTUYHY NPUAATHICTD MiAXOAY
Ta MOro NepcneKTUBH AJ1A MoJepHi3anii ¢10Ty B yMoBax rj106aJ1bHUX BUMOT 11100 CKOPOYEHHS BUKU/IB.

Karouosi cn06a: MOPCbKUM TPAaHCIOPT; €KCILIyaTalLlisl Cy/leH; eKOJIOTiYHa 6e3MeKa; 3ano6iraHHs 3a0pyAHeHH0; BUKUAU NOy;
TeXHi4Hi CUCTeMH; eHepreTUYHi yCTAaHOBKH, TOKCHYHICTb aMiaKy; €KOHOMifl Na/IuBa; 3aXUCT MOPCBKOTO CepejoBHUILA;
aJIbTepHATHUBHI BU/IM NTAJIMBA; eHeproepeKTUBHICTb; eKOHOMI4Ha epeKTUBHICTD.
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Introduction
Climate change and the tightening of
international environmental standards are

creating new requirements for the shipping
industry, which is currently one of the most
significant sources of greenhouse gas emissions.
In 2023, the International Maritime Organization
(IMO) adopted a strategy that envisages the
complete decarbonization of maritime transport
by 2050 (International Maritime Organization,
2023). This requires a radical transformation of
the fleet's energy systems and a transition to
alternative, carbon-free fuels. Among the most
discussed solutions are the use of hydrogen (H;)
and ammonia (NH3), which do not produce CO,
during combustion and have a high potential for
sustainable development. At the same time, the
practical implementation of these energy sources
is associated with numerous challenges, both
technical and economic.

Low-carbon ammonia is considered a
promising marine fuel due to the absence of CO,
emissions during combustion. In [1], laboratory
tests of ammonia diesel engines were conducted
and confirmed the possibility of achieving a 25%
reduction in CO, emissions without significant
power loss. Schreuder et al. [2] performed a
feasibility study, showing that the capital costs of
installing ammonia fuel systems can be recouped
in 7-8 years at current ammonia prices. A review
by Machaj et al. [3] systematized transportation,
storage, and safety issues, suggesting ways to
reduce the corrosive effects of ammonia on
equipment.

Scientific papers [4; 5] explored the prospects
for low-carbon liquid and gaseous fuels; ammonia
and synthetic hydrocarbons and biofuels with a
hydrogen component and papers [6; 7] detailed
technical standards and regulations for hydrogen
vessels, emphasizing gas storage pressure and
temperature. At the same time, [15] looked at
alternative fuels in the context of the UN
Sustainable Development Goals, showing that a
combination of bioenergy and CCUS could reduce
total ship emissions by up to 50%. The authors in
[12] formed an economic model of «green»
shipping corridors, where the key factor is the
balance between capital investment and operating
costs. [18] provided a comparative LCA of
different hydrogen supply methods between
Australia and South Korea, finding that
formulations using renewable sources have 20 %
lower life cycle emissions than imports of
hydrogen from hydrocarbon sources. In [11], the
first commercial hydrogen passenger ferry, MV

Sea Change, is described, where integrated fuel
management and fuel cooling system are applied.

Further noteworthy are the following key
publications: [8] undertakes a review of hydrogen
compression and storage technologies for marine
fuel cells; [9] analyses a variety of alternative fuels
in the context of the United Nations Sustainable
Development Goals; [10] introduces the notion of
«green» hydrogen and ammonia and describes
their capabilities and limitations; [13] outlines
ways to introduce low-carbon fuels by 2050; [16]
discloses approaches to energy management in
maritime transport; [17] assesses the prospects
for biofuels and their integration into ship
systems; [18] conducts a life cycle-assessment of
hydrogen supply methods between Australia and
South Korea; [19] reviews low - and zero-carbon
fuel technologies for ship decarbonisation; [20]
analyses the development of hydrogen vessels
over the past two decades.

The authors in [14] summarized the
production technologies of «green» hydrogen and
ammonia and described their combination with
CCUS. Sources [21; 22] demonstrate configuration
studies of hybrid power subsystems on different
types of vessels, including a combination of fuel
cells, turbines and battery packs. The authors'
works [23-25] are based on experimental data
and simulations that demonstrate the potential of
integrating wind, solar, and CCUS to achieve up to
30 % fuel economy and a 40 % reduction in CO,
emissions under real operating conditions.

Modern research on green fuels and
decarbonization of maritime transport can be
divided into two groups. The first group focuses
on the production and use of alternative energy
carriers: the economic efficiency of electric fuels is
analyzed in [32], while [33] considers the use of
ammonia in a large-scale energy cycle. At the same
time, chemical processes for the purification of oil
fractions are being advanced by AADES solvents
[34].

The second area covers the practical
implementation and maintenance of systems on
board ships: energy efficiency and emissions
reduction are described in detail in [35; 36], and
the role of biodiesel and green fuel blends in
engines is studied in [37;39]. This is
complemented by port renewable solutions [38]
and digital strategies for operation and
maintenance management [40]. Papers [41] and
[44] analyze the introduction of low-sulfur fuels
and hydrogen as promising areas for
decarbonizing the industry. The paper [42]
assesses the efficiency of ship refrigeration
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systems and the potential for reducing energy
consumption.  Article [43] proposes a
methodology for radar recognition of autonomous
surface vessels in difficult conditions, which is
important for the safety of maritime navigation.
Studies [45] and [47] consider strategic
approaches to maintaining the integrity of the
ship's hull and improving lubricant cleaning
systems. Works [46, 48, 49] analyzed the
introduction of alternative technologies and
measures to improve environmental safety and
energy efficiency of ships.

Recent studies have developed system-based
assessments of ship energy efficiency and
environmental management, providing a
methodological basis for multicriteria fuel
evaluation [49-53]. These works highlight
emission-reduction pathways and diagnostic
methods essential for assessing hydrogen and
ammonia transition scenarios in maritime
transport decarbonization confirming the
importance of an integrated approach to the
innovative modernization of maritime transport.

While a wide assortment of analytical materials
is available, the studied literature only examines
some aspects, such as environmental impacts,
economic costs, or various technical challenges.
There is hardly any systematic assessment that
considers all the relevant factors, from
thermodynamic  performance and storage
parameters to crew safety and capital costs, in the
present scientific discourse. Truly
interdisciplinary scientific work that considers the
regulatory mechanism, risk of regulatory
uncertainty, and feasible risk scenarios as a whole
in the practical realization of hydrogen and
ammonia on board vessels is lacking. Bearing that
in mind, this work therefore attempts to
undertake a further comprehensive comparison of
hydrogen and ammonia for next-generation
marine fuels within the setting of the 2050 IMO
climate goal, considering their thermodynamic
properties, storage parameters, environmental
risks, infrastructure readiness, economic
efficiency, and technical safety.

The purpose of this study is to develop a
comprehensive approach to the selection of
alternative fuels for maritime transport, in
particular hydrogen and ammonia, based on a
combined analysis of thermodynamic,
environmental, economic, infrastructure, and
operational safety factors.

The scientific novelty of the work lies in the
combination of several assessment
methodologies, in particular, the analysis of

hierarchies (AHP) method for technical and
economic analysis, stochastic risk modeling based
on the Ornstein-Uhlenbeck equation for reliability
assessment, and life cycle analysis (LCA) for
environmental impact. A distinctive feature of the
proposed approach is its comprehensive
consideration of all key aspects, from energy
performance to infrastructure readiness and
safety assessment, within a single decision
support system.

To achieve this goal, the paper addresses the
following tasks: developing a multi-criteria model
that integrates economic, energy, environmental,
and safety indicators to compare hydrogen and
ammonia as alternative marine fuels, and
modeling the dynamics of risks during real
shipping operations. And to perform a
comprehensive ranking and optimization of the
choice of fuel type, taking into account economic
feasibility, environmental safety, and the
acceptable level of operational risks.

Materials and methods

In this study, the objects of comparative
analysis are hydrogen (H;) and ammonia (NH3) as
promising alternative marine fuels. The study was
based on open technical and economic data from
scientific publications (Scopus, Elsevier, MDPI),
reports of international organizations (IEA, DNV,
IRENA, IMO), as well as the results of pilot projects
implemented in Norway, Japan, and the EU in
2020-2024:

1. [EA (International Energy Agency): analyzed
the World Energy Outlook 2024 (October 2024),
which contains a forecast of global energy
consumption until 2050, including sections on
international shipping and aviation [26];

2. DNV (Det Norske Veritas): the global Energy
Transition Outlook 2025, which covers the period
up to 2050 and forecasts the evolution of energy
systems in all regions and sectors, including
maritime transport, was considered [27];

3. IRENA (International Renewable Energy
Agency): World Energy Transitions Outlook 2024:
1.5 °C pathway (November 2024), which analyzes
the ways to achieve the 1.5 °C climate goal, as well
as Renewable Energy Statistics 2024 (July 2024),
which contains key data on the development of
renewable energy in transport [28; 29];

4. IMO (International Maritime Organization):
the 2023 IMO Strategy on Reduction of GHG
Emissions from Ships (adopted July 2023), which
sets the framework and targets for reducing
emissions by 2050, as well as the Fourth IMO GHG
Study 2020, which estimates maritime transport
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emissions for 2018 and projections to 2050, were
taken into account [30; 31].

Table 1 defines key economic and energy
indicators commonly used in the assessment of

energy systems. These parameters enable a
comprehensive comparison of technologies in
terms of both financial and energetic performance.

Table 1

Main economic and energy performance indicators

Indicator Definition Description

LCOE Levelized Cost of Energy Average cost per unit of electricity over a system’s lifetime, including all costs.
EROI Energy Return on Investment  Ratio of energy produced to energy used in production — higher is better.
CAPEX Capital Expenditure Upfront investment cost for building infrastructure or equipment.

OPEX Operational Expenditure Ongoing cost for operating and maintaining the system.

The use of these indicators facilitates the
evaluation of both the economic efficiency and the
sustainability of different energy technologies,
supporting informed decision-making in energy
planning and investment.

The study was conducted using analytical,
comparative, and quantitative methods. First,
scientific sources were systematized for the
period 2019-2024, and then the main comparative
parameters relevant to the maritime industry
were identified:

- thermodynamic characteristics (lower
calorific value, mass and volumetric energy
content)

- storage conditions (temperature, pressure,
shape);

- level of toxicity and risks (explosiveness,
health effects, leakage scenarios);

- infrastructure readiness
maturity, availability of terminals);

- economic efficiency (LCOE, EROI, CAPEX,
OPEX);

- environmental impacts (CO,, NOy, secondary
impacts on ecosystems).

The comparison of alternative fuels in
maritime transport was carried out according to
six groups of criteria: thermodynamic
characteristics (lower calorific value, mass and
volumetric energy content), storage conditions
(temperature, pressure, physical form), toxicity
and risk level (explosiveness, health impact
leakage scenarios), infrastructure readiness
(technology maturity, availability of terminals and
logistics chains), economic efficiency (LCOE, ERO],
CAPEX, OPEX) and environmental impacts (CO,,
NO; emissions, secondary impacts on
ecosystems). According to each parameter, data
was normalised and weighted by experts to obtain
an essentially objective ranking of the fuel
concerning its suitability for use in the ship's
energy system.

Initially, an analytical hierarchy process (AHP)
was applied to the economic evaluation of the
levelized cost of electricity (LCOE). Four key
criteria were identified - capital investment, fuel

(technology

cost, operating cost and environmental cost - and
their estimates were collected from ten leading
experts in marine engineering and logistics. Based
on this data, a vector of criteria weights was
formed using the Saaty procedure (Saaty, 1980),
which allowed us to rank hydrogen, ammonia, and
traditional marine diesel by their LCOE, taking
into account both economic and environmental
indicators.

This  multi-criteria  evaluation of the
technologies enabled us to bring out very clearly
the strengths and weaknesses (e.g. high energy
intensity for ammonia and difficult storage
conditions, or inherently safe use of hydrogen but
high compression investment) of each technology
and combine these aspects into one integrated
rating for strategic purposes. Thus, this led to
recommendations for investors and regulators
regarding priority infrastructure and safety
standards, as well as a robust methodology for
prioritizing the selection of alternative fuels for
specific routes and vessel types in the
decarbonization process.

To comprehensively assess the environmental
and economic feasibility of alternative marine
fuels, six key indicators were used in the study:

» LCOE (Levelized Cost of Energy) - allows
comparing the total cost of 1 MWh of final energy,
taking into account capital (CAPEX) and operating
(OPEX) costs throughout the entire life cycle of the
system;

» EROI (Energy Return on Investment) - the
ratio of the total energy reproduced by the system
to the energy spent on its creation and
maintenance, which shows the "energy payback"
of the technology;

» CAPEX - capital expenditures for the
construction and installation of equipment, which
determine the initial investment barriers;

» OPEX - operating costs for maintenance,
fuel, and logistics, which affect the overall
profitability in the long term;
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» CO,-equivalent emissions - an estimate of
direct greenhouse gas emissions adjusted for the
life cycle of the fuel to compare the impact on
global warming;

» NOy, SOy, PMjg/2.5 — local pollutants that
determine the
acceptability of a decision.

The use of this set of indicators provides a
balanced assessment: economic (LCOE, CAPEX,
OPEX), energy (EROI) and environmental
(greenhouse gas emissions) components
necessary for making an informed decision on the
introduction of new technologies in ship energy.

Thus, LCOE (Levelized Cost of Energy) is the
average cost per unit of energy over the life cycle,
which was calculated using the formula:

environmental and social

N It+M¢+F¢

E=1"(141)¢
N Et 4 (1)
t=1(14m)t

LCOE =

where: I - capital expenditures in year t, M, -
maintenance costs, F: - fuel expenses, E: - energy
produced, r - discount rate, N - service life (we
accept 20 years). Source data taken from DNV
reports (2024).

The calculation is performed using the initial
technical and economic parameters of the system
(capital and operating costs, energy production,
discount rate) in accordance with generally
accepted methodologies in the field of energy
analysis [link]. The parameters are taken from
open data of technical documentation of projects
or analytical reports of DNV, IEA, IRENA
organizations.

EROI (Energy Return on Investment) - the ratio
of energy produced by the system to the energy
spent on its creation and maintenance:

Output Ener
ERQ] = £yt =nergy

(2)
where Output Energy - useful energy, Input Energy
- total energy for production, storage and
delivery. EROI values for H, and NH; were also
taken from open sources.

The EROI value is determined based on the
known technical characteristics of the system and
data on energy costs for fuel production and
logistics, according to the methods.

The study began with a review and
systematization of sources (2019-2024) - IMO,
IEA, DNV, IRENA reports, and key publications on
hydrogen and ammonia - based on which six
groups of comparative criteria were identified
(thermodynamics, storage, safety, infrastructure,
economics, and environment). Next, the technical,

Input Energy’

physical, and chemical characteristics of H, and
NH; were collected, comparative tables were built,
storage conditions and logistical readiness were
assessed, and LCOE and EROI were calculated
using data from Lazard, Trafikverket, and DNV.
The normalized indicators were subjected to
expert weighting (AHP), an integrated rating of
alternative fuels was obtained, which was verified
by comparing them with pilot projects (MV Sea
Change, ammonia-diesel tests), and
recommendations were made on the basis of this
rating on priorities for infrastructure deployment
and safety standards in maritime transport. The
methods described above allowed us to obtain a
generalized assessment of the effectiveness of
hydrogen and ammonia in the context of
decarbonizing shipping, taking into account both
technological and practical aspects of their
implementation.

In today's maritime transportation
environment, ships face a number of interrelated
challenges: rising fuel costs, the need to comply
with strict environmental regulations, and
maintaining a high level of operational safety. The
development of a formalized and reproducible
mathematical model that combines multi-criteria
analysis of economic indicators (LCOE, logistics
costs), stochastic accident risk assessment, and
life cycle analysis (LCA) will allow:

- make informed decisions on the choice of the
optimal fuel for each route segment, taking into
account the simultaneous minimum of costs and
risks;

- systematically evaluate the impact of
technological and natural factors on shipping
safety by modeling the evolution of risk using
stochastic processes and Monte Carlo simulations;

-  take into account environmental
requirements and reduce greenhouse gas
emissions using an integrated I-index that

combines economic, environmental, and risk
components;

- increase the reproducibility and transparency
of the study, as all stages of the methodology -
from normalization of criteria to optimization of
route costs - are covered.

Thus, the proposed model serves as a tool for
comprehensive analysis and strategic decision-
making in the fuel supply of maritime
transportation, taking into account economic
efficiency, environmental safety, and operational
risks.

Suppose we have n alternative fuels and m
evaluation criteria (e.g., cost of electricity LCOE,
energy return EROI, etc.). All evaluations are
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organized into a matrix A of size n x m, where the
element a;;is the value of j of the j-th criterion for
the i-th fuel.

Each criterion is assigned a weight w;
1,..,m), where

iwj =1 (3)
j=1

where: w; - weighting factor for the j-th criterion;
m - number of criteria.

Weight vectors are determined by the AHP
method based on expert surveys.

Before combining the indicators into a single
rating, we normalize them depending on the
direction of the criterion if "the more the merrier":

a; —min, a, @

G =

max, a, —min, a,’
where: a;; - value of the jth criterion for the i-th
fuel type; max(a;) - maximum value of this
criterion among all alternatives.

If "the smaller the better":

max, a,;, —a.
k ki : ij ) (5)
max, akj —min, akj
where: min (a;) - minimum value of the criterion
among all alternatives.
The integral rating of each alternative i is
calculated as a weighted sum:

R=ZM%' (6)
j=1

where: R; - integral rating of the ith alternative
(fuel type).

To check the stability of the model, we perform
a sensitivity analysis: each weight w; is varied by
+10 % and a new rating R;' is calculated. If the
order of the alternatives remains almost
unchanged, the model is considered robust to the
subjectivity of expert judgment.

N
I:>(rna‘xte[0,T] R(t) > Rcrit) ~ %él(maxt Rk (t) > Rcrit) )

The stochastic Ornstein-Uhlenbeck process is
used to model the risk of transportation delays.
The value of the supply chain reaction speed X; is
given by the differential equation where X; is a
stochastic process representing the deviation of
delay time from the long-term mean.

dX; = a(u — Xp)dt + adW,, (7)
where py - long-term average value of the delay
time (determined from historical AIS data for
2018-2023), a - rate of return to u (estimated by
the maximum likelihood method), o - intensity of
random fluctuations (calculated through the
variance of real delays), W; - standard Wiener
process (Brownian motion).

Such a model allows to take into account both
the trend component of delays (vessel
inflow/outflow) and random fluctuations that
directly generate additional costs and affect the
optimization objective function.

The stochastic Ornstein-Uhlenbeck differential
equation describes the risk for each fuel type:

dR(t) = a- (B —R(t))dt + adW,, (8)
where dR(t) - the risk level at time t; a, -
deterministic parameters of risk growth (based on
the data of emergency histograms); o - intensity
of random fluctuations.

The probability of exceeding the critical
threshold risk level in the range [0; T], estimated
by the Monte Carlo method:

P(R() > Rerit) =~ Zh_y | (Rie(£) > Rerit), (9)
where: Ri(t) - risk value at k-th trajectory, Rt -
critical value of the risk, N - number of
simulations, I(-) - indicator function (1 if the
condition is met; 0 if not).

Using the Monte Carlo method, we simulate N
trajectories Ri(t), k = 1,..N, and calculate the
probability of exceeding the critical threshold Rt
in the interval [0, T] as

(10)

The task of minimizing the total cost, taking into account the risk, for the optimal choice of fuel on

each route segment is formulated as follows:

min i, (CiLtCOE + Clog) provided that R;; < Rpax

it

(11)

Let's assume that the route is divided into L segments. For each segment £ we choose the type of fuel

ie. Problem statement:

L
ming, Cpy = > (Cr +Ci@), subjecttoR, (t) <R, V7,

(=1
where CLCOE — cost of energy for fuel i, Cilos -
logistics costs (compression, cooling), Rmax —
acceptable level of risk, L - number of route
segments.

(12)

The problem is solved by integer linear
programming (MILP) or metaheuristics (genetic
algorithms, tabu search, etc.). The result is an
optimal set of fuels for each route segment and a
cost-risk curve.
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Total greenhouse gas emissions at all stages of
production and transportation are calculated as

GHGica = Yi=1 Ex Ok (13)
where E; - energy consumption for k stage
(production, transportation, storage), 8; - CO,-
equivalent emission factor at the stage k.

An integral index is introduced for a combined
assessment of economic, environmental and risk-
based indicators:
CiLCOE

I- —a GHGLCA,i

R

I =a; Copal + @z - COX? + a5 - R, (14)
where: Ciota - total costs (LCOE + logistics); CO-
total - total emissions; R - integral risk level; as,
az, a3 — weighting factors.

For a comprehensive assessment of economic,
environmental and risk aspects, we introduce an
index

+a
' 'max,C*® " max, GHG

where a1, az, az - are weighting factors for the
economic, environmental and risk components,
respectively. All indicators were normalized
relative to the base values of traditional marine
diesel fuel (reference case).

Summarizing the above, we note that the
proposed model combines several interrelated
methods, which allows us to obtain a deep and
comprehensive understanding of the process of
selecting fuel for maritime transportation. First, a
multi-criteria analysis provides a balanced
comparison of alternative fuels, taking into
account economic indicators (LCOE), energy
return on investment (EROI) and other important
criteria. Furthermore, stochastic risk modeling
allows us to study the dynamics of emergency
situations  using the  Ornstein-Uhlenbeck
equations and Monte Carlo simulations, which
increases the accuracy of forecasts and allows us
to take into account unforeseen events.

Optimization of the route and fuel selection,
implemented through integer linear programming
or meta-heuristics, strikes a balance between
minimizing fuel and logistics costs and limiting the
acceptable level of risk on each route segment. At
the same time, a fuel life cycle assessment (LCA)
allows for a quantitative comparison of
greenhouse gas emissions arising from the
production, transportation, and storage stages of

LCAi

a, )
max; R,

o, +a,+o, =1, (15)
fuel. The integral environmental and economic
index combines economic, environmental and risk
indicators into one generalized value, which helps
to make balanced and strategically sound
decisions.

The practical application of this methodology
allows shipowners to choose the best fuel options
that provide both economic benefits and reduce
environmental impact and maintain a high level of
operational safety.

Results and discussion

According to the International Maritime
Organization (IMO), both hydrogen and ammonia
fuels have been accepted as candidates for marine
fuels that can substitute conventional fuels, since
the strategy aims for total zero GHG emissions by
2050. The selection between these options is
mainly related to their physical state and chemical
characteristics, as well as safety and
environmental considerations. Only an objective
comparison of these gases will enable their
potential use in maritime transport to be realized.
A comparison of some of the main physical and
chemical parameters that are of fundamental
importance from the standpoint of energy, safety,
and operation on board ship is presented in Table
2. Based on this data, the assessment of
parameters of interest to the recent carbon-free
fuel industry will be discussed.

Table 2
Comparative table of hydrogen and ammonia characteristics
Criterion Hydrogen Ammonia
Chemical formula H, NH;3
Molar mass (g/mol) 2.016 17.031
Aggregate state at 20 °C Gas Gas
Boiling point (°C) -2529 -33,3
Flash point (°C) ~560 ~651
Explosive limits (vol. %) 4-75 15-28
Density in liquid state (kg/m?) ~70,8 ~681
Mass energy content (M]/kg) 120 18.6
Volumetric energy content (M]/1) 8.5 11.5
Odor Low High
Flame visibility during combustion Invisible Weakly yellow, visible
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Continuation of Table 2

CO; emissions during combustion Absent Absent
NOy emissions during combustion Possible High
State of the infrastructure Limited Partially visible
Production cost (approximate) High Medium

Both energy carriers can be produced using
renewable energy sources, which is critical to
achieving full carbon neutrality. Green hydrogen is
produced by electrolysis of water, in which
electrical energy from renewable sources (sun,
wind, hydroelectric power plants) decomposes
H,O molecules into molecular hydrogen and
oxygen. The most common method is PEM
electrolysis (Proton Exchange Membrane), which
is characterized by high current density, fast start-
up and the ability to work with unstable energy
flows, but requires an expensive platinum catalyst
system and fine water treatment. The efficiency of
modern PEM electrolyzers reaches 60-70 %, and
the main losses are associated with overvoltages
on the electrodes and membrane resistance. Only
after hydrogen has been purified to = 99.9 % can
it be supplied to fuel cells or compressed to 350-
700 bar for storage and transportation, which
adds about 10-15% to the final energy
consumption.

Green ammonia is synthesized by the Haber-
Bosch process from green hydrogen and nitrogen
separated from the air through PSA adsorption
pumps. The synthesis itself takes place under high
pressure (150-300 bar) and temperature (400-

500 °C) using an iron catalyst, so about 25-30 %
of the hydrogen produced is consumed in the form
of thermal and mechanical energy. However, the
resulting ammonia at standard pressure and
temperature can be easily liquefied (-33 °C) and
stored in standard low-pressure tanks, which
minimizes energy consumption for compression
compared to hydrogen. The overall efficiency of
the electric power — hydrogen — ammonia chain
is about 50-55 %, but the lack of high-pressure
storage makes this scheme more suitable for
marine logistics [32;33] - basic reaction:
2H,0—-2H,+0,. Green ammonia is synthesized
through the Haber-Bosch reaction, where
hydrogen comes from a "green" source and
nitrogen from the air.

Figure 1 presents a flow chart of green
ammonia production using water, air, and
renewable energy as feedstocks. The process
includes electrolysis of water to generate
hydrogen, separation of air to produce nitrogen,
and the synthesis of NH3 in an appropriate reactor.
It also covers product recovery, buffering, and
cooling. The scheme accounts for recycling flows
and the utilization of excess gas.

02 Air Separation
l ;
Water . Ammonia
Water—{ prification Electrolysis Synthesis —>NH;
Degassing [«— Degasses 1 J
NH Storage Tank
) 1 3 NH,
Recycling? 5 -
egassing Compressor 2 Pipeli
0 peline -
Eqlipmont Distribution
Heat
ai " Bufter
To emission | Electrolysis ‘ = Tank Exchanger
ecycling? ] .
t Cooling l Cooling
Renewable Energy Hydrogen Water Water
Source — Electricity To emission | Recovery
Unit

Fig. 1. Flowchart of green ammonia (NH;3) production: water purification - electrolysis - degassing - buffering -
synthesis of ammonia from N, (via air separation), followed by cooling and storage of the product

Choosing between hydrogen and ammonia for
future maritime transport fuels will depend
largely on their physical and chemical properties,
environmental safety, production costs, and
existing infrastructure needs. From an energy
density and mass viewpoint, hydrogen has a clear
advantage, but its use faces technical difficulties

due to low bulk density and extremely low storage
temperature. Ammonia in contrast, is more
integrated with the existing infrastructure and
thus easier to get stored; however, it poses serious
environmental and safety concerns owing to its
high toxicity and NOx emissions.

Thermodynamic properties
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In mass terms, hydrogen lower heating value
(LHV ~ 120 M]/kg) is almost 6 times the energy
density of ammonia (LHV ~ 20 M]/kg), but due to
the low density of liquid hydrogen (~71 kg/m3),
its volumetric energy density (~ 8.5 MJ/1) is much
lower than that of ammonia (~ 11.5 M]J/I at
681 kg/m3). This trade-off between the high mass
energy content of hydrogen and the smaller
volume of ammonia determines the choice of fuel
depending on the available space on board and the
need to ensure sufficient energy for long voyages.

Hydrogen is a highly explosive gas with a
narrow range of mixtures with air (4-75% by
volume) and a low flash point (~560 °C), which
increases the risk of spontaneous combustion in
case of accidental leaks. Ammonia is less
explosive, but toxic at concentrations above
300 ppm, can cause corrosion of equipment and
harm health on contact; at the same time, in the
event of a leak, its odor leads to early evacuation.

For hydrogen, high-pressure (350-700 bar) or
deep-cooled (-253°C) storage facilities are
required, which require special cylinders and
compensation for leaks due to diffusion. Ammonia
can be stored in a liquefied state at -33°C at
relatively low pressure (~10bar), which
significantly simplifies its integration into existing
terminals and fuel corridors. The ammonia
infrastructure is currently partially available in
key ports, while hydrogen requires substantial
investments in new compressor modules and
refrigeration units.

Assessment of thermodynamic properties is
key to determining the efficiency of fuels in marine
power. The most critical parameters are the mass
and volumetric heat of combustion (LHV), which
determine the amount of energy that can be
obtained in real operating conditions. Hydrogen
has an exceptionally high mass energy content,
which is almost 6.5 times higher than that of
ammonia. However, due to its low density in the
liquid state (about 71 kg/m? versus 681 kg/m? for
NH;3), its volumetric energy content is only
8.5 M]/1, while for ammonia it reaches 11.5 MJ/1.
This means that in conditions of limited space on
board a ship, ammonia provides more energy per
unit volume, which is a critical factor in practical
applications. In addition, ammonia has a higher
flash point (651 °C versus ~560 °C for hydrogen),
which reduces the risk of spontaneous
combustion in emergency conditions.

Safety, toxicity, and operational risks

The use of alternative fuels in maritime
transport is not possible without a comprehensive
consideration of issues related to technological

safety. Although hydrogen and ammonia are seen
as a promising way to decarbonize the fleet due to
their carbon-free nature, their implementation is
accompanied by significant risks that affect the
ship's architecture, storage systems, maintenance
organization, and even the crew training
structure.

In the case of hydrogen, the most critical aspect
is its high flammability, wide range of explosive
concentrations in the air, and tendency to produce
invisible flames in case of fire. In view of this, even
minor leaks can have catastrophic consequences if
effective detection, ventilation, and shut-off
systems are not implemented. On the technical
side, the need for storage at ultra-low
temperatures, which requires cryogenic tanks
with sophisticated insulation, also complicates the
situation.

Ammonia, unlike hydrogen, is not explosive in
the classical sense, but its vapors irritate mucous
membranes, can cause chemical burns, and pose a
danger to personnel, especially in cases of leaks in
closed or poorly ventilated spaces. In addition,
ammonia is corrosive to some metals, requiring
special selection of materials for pipelines, fittings,
and storage systems.

Thus, while both fuel options have potential in
terms of emissions reduction, their safe
integration into ship systems requires careful
engineering design, regulatory adaptation, and
specialized crew training.

Table 3 shows a comparison of the key risks of
hydrogen and ammonia in ship operations, from
the difference in toxicity and explosiveness to the
specifics of ignition energy, incident scenarios,
and the readiness of detection systems and
regulatory support; hydrogen wins in terms of
non-toxicity, but requires minimal ignition energy
and fast sensor response due to its wide
flammability range, while ammonia, although
easier to store in liquefied form, requires attention
to toxic leaks, crew personal protection and
application of IMO interim recommendations (IEC
60079 and MSC.1/Circ.1687).

The storage of hydrogen and ammonia in
maritime shipping is determined not only by their
energy density but also by the technological
requirements for tanks and maintenance systems.
Hydrogen requires either high-pressure tanks
(350-700 bar) made of composite materials to
minimize leakage or cryogenic storage at -253 °C,
which necessitates sophisticated insulation and
constant monitoring to achieve ultra-low
evaporation losses.
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Table 3
Risks and safety measures
Parameter Hydrogen (H,) Ammonia (NH3)
Toxicity Low. Non-toxic, but displaces oxygen in High. Toxic by inhalation, irritating to skin and eyes
the air
Flammability High (4-75 % in air), invisible flame Moderate (15-28 % in air), visible on combustion

Ignition energy Very low (0.02 m])

High (~0.3 m]), spontaneous combustion at ~651 °C

Risk scenarios

Leakage — explosion without warning

Leakage — toxic air contamination

Detection systems

H, detectors, ventilation control

NH; sensors (25/110/220 ppm), exhaust hood,
emergency shutdown

Regulatory
framework (IMO)

Under development

Interim principles (MSC.1/Circ.1687)

Crew training needs

High (for explosion response)

Very high (handling of toxic substances)

Instead, ammonia can be stored in a liquefied state
at a relatively moderate pressure (~10 bar) and
temperature of -33 °C in conventional steel tanks
with a corrosion-resistant coating, which
significantly reduces capital and operating costs

for infrastructure. This difference in storage
modes determines the choice of fuel system
depending on the availability of technical means,
space limitations on board, and economic criteria

for implementation (Table 4).
Table 4

Comparative analysis of hydrogen and ammonia storage parameters

Parameter Hydrogen (H;) Ammonia (NH;)
Form of storage Liquid (cryogenic) / Compressed gas Liquid / Pressurized
Storage temperature (°C) -253 -33
Gas storage pressure (bar) ~350-700 ~10-20
Volume per 1 M] of energy High (low density) Lower (higher density)
Volatility Very high High
Leakage potential Significant Moderate

Requirements for tanks

Double-walled, with vacuum insulation

Similar to LPG infrastructure

The table shows that storing liquid hydrogen is
technically challenging, as a temperature of
-253°C is required, which is close to absolute
zero. Such conditions require high-tech tanks with
multi-level insulation. Compressed hydrogen is an
alternative, but it requires pressures of up to
700 bar, which also makes it difficult to use safely.
Whereas ammonia is stored under moderate
conditions, making it suitable for existing LPG
terminals and simplifying adaptation on ships.

Infrastructure requirements and economic
aspects

One of the key factors for the introduction of
alternative marine fuels is the availability and

scalability of infrastructure. In this context,
ammonia has a significant advantage over
hydrogen: there is already a global network for its
production, storage, and transportation. More
than 180 million tons of NH3 are produced globally
each year, and supply chains cover most major
ports, especially in Asia, Europe, and the Middle
East. However, the infrastructure for hydrogen,
especially liquid or compressed hydrogen, is still
in its infancy. It requires high-tech terminals,
cryogenic storage facilities, and high-pressure
pipelines, which significantly increases the cost
and time of implementation (Table 5).

Table 5

Comparative table: infrastructure requirements

Aspect

Hydrogen (H,)

Ammonia (NH;)

Production maturity level

Under development (green H, through
electrolysis)

Installed (green NH; at the test
stage)

Storage infrastructure

Cryogenic tanks / high pressure tanks

Existing LPG-like tanks

Transportation logistics

Limited: pipelines + vehicles (pilot scale)

Global network: by sea, rail and

pipeline
Port readiness (2025) Several demonstration projects More than 120 terminals with
NH;3 compatibility
Compatibility with Low (new designs required) Medium-high (can be adapted to
existing systems LPG systems)

Capital expenditures for
scaling

Very high

Medium-high

Ammonia is more suitable for rapid adaptation
in ports and on ships, as it can use part of the

existing LPG infrastructure. At the same time,
"green" ammonia, like "green" hydrogen, requires
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massive electrolysis based on cheap renewable
energy. This creates competition for resources
and requires coordination with the energy policies
of countries and the EU. The diagram (Figure 2)

Comparison of H, and

provides a comparative overview of the most
important characteristics of hydrogen and
ammonia as alternative energy carriers for

shipping.

NH; in Modern Use

o

Storage

/~ Storage Pressure:
H, = 350-700 bar,
NH; = 10-20 bar

Storage Temperature:
H, = compressed
gas, H; = liquid
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Infrastructure & Cost
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Fig. 2. The structure of hydrogen (H;) and ammonia (NH;3) use as energy carriers in shipping

As a result, when using hydrogen, the main
challenge is explosion control, which requires
careful monitoring of tightness, ventilation, and
leak detectors. In the case of ammonia, biomedical
risks come to the fore: even small leaks can be life-
threatening for the crew. Both options require a

Experimental and commercial projects

In line with global objectives for decarbonizing
shipping by 2050, several companies and
international bodies have initiated projects to
introduce alternative fuels, such as hydrogen and
ammonia (Table 6).

high level of personnel training and
modernization of safety systems on board.
Table 6
Key implemented ammonia fuel projects
Project / Participants & Fuel Route / Tests Terminals / Expected  Emergency
Initiative Country Type Infrastructure Effectiveness  Incidents
Fortescue Fortescue Liquid Trials in Vopak Significant None
Green (Australia); MPA, ammonia Singapore; terminals; CO; reduction recorded
Pioneer Seatrium, Vopak, (NHj) voyage to the HAZID/HAZOP  anticipated;
A*STAR’s IHPC, NTU, Persian Gulf system; drones, “Gas Fueled
DNV (Singapore) during COP28 land-based Ammonia”
control certification
Dutch C-Job Naval Architects, Ammonia Laboratory Integration ~44 % higher  None
Ammonia  Proton Ventures, Enviu; (NHj) models & with LPG energy recorded
Tanker Province of Zuid- preliminary infrastructure efficiency
Holland (Netherlands) trials; sea trials at Dutch ports compared to
pending hydrogen
CAMPFIRE ENERTRAG, sunfire, Ammonia Yacht“Ammonia Bunkering ~350 kW None
“Ammonia KIT, University of (NHs) Sherpa” tests system power recorded
Sherpa” Rostock, ZBT (2023); barge installed at generation;
(Germany) “Odin” planned Rostock port targeted at

for 2026

small vessels

These initiatives range from demonstration
vessels to green corridors for carbon-free
transportation. Present emphasis is still placed on
the infrastructure for clean fuels in main ports, on

safety standards for handling ammonia, and on
storing and power-testing solutions for next-
generation marine power plants. In addition,
intergovernmental partnerships are being
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actively formed to fund life-cycle studies of such
fuels, as well as subsidy mechanisms for operators
to switch to environmentally neutral technologies.

As part of the global strategy to decarbonize
maritime transport by 2050, a number of
important demonstration and commercial
projects are being implemented to use green fuels.
Firstly, MV Sea Change (Norway-UK) is the world's
first commercial hydrogen fuel cell ferry designed
by Mitsubishi FCH Energy and certified by DNV,
currently operating between the ferry terminals of
Stavanger and London; its efficiency was 65%
(energy penetration into the fuel cell),
infrastructure - 350 bar onshore fueling stations,
and no accidents. Secondly, Yara Birkeland
(Norway) is an autonomous carbon-free fertilizer
ship developed by Kongsberg and Yara
International, which is being tested in the Oslo
fjords, and has demonstrated an 80% reduction in
CO, emissions compared to diesel counterparts;
ammonia refueling is organized in the ports of
Oslo and Narvik, and no leaks or accidents have
been reported so far. The third is the HySTRA
project (Japan), a consortium of JERA, Kawasaki
Heavy Industries, and UBE, which has been testing
an ammonia and hydrogen fuel ship on the
Yokohama-Tokyo route since 2023; preliminary
data indicate a stable efficiency of 50 % and the
need to modernize terminal gasifiers. In addition,

Rotterdam), supported by the Global Maritime
Forum and ABS, envisages the construction of port
infrastructure for ammonia and hydrogen from
2025, with a planned loading of up to 10,000 tons
of green fuel per voyage, and includes I1SO 23875
safety standards and MSC.1/Circ.1687 emergency
protocols. All projects prove the commercial
viability and technical reliability of green
technologies without significant incidents,
forming a template for large-scale implementation
in global shipping.

Evaluation of effectiveness: LCOE, EROI, CAPEX +
OPEX

For the strategic planning of hydrogen and
ammonia use in maritime transport, it is
important to take into account not only their
thermodynamic and infrastructure properties, but
also their full economic feasibility. The assessment
was based on three key indicators: LCOE (life cycle
energy cost), EROI (energy return on investment),
and total CAPEX + OPEX (capital and operating
costs).

Investment and operating costs. Estimation of
the total cost of implementation includes: CAPEX
(Capital Expenditures): the cost of infrastructure
for fuel production, storage, and processing, and
OPEX (Operational Expenditures): costs for
cooling, pressure, safety, and maintenance (Table
7).

the Green Corridor initiative (Singapore-
Table 7
Integrated comparative table of economic efficiency of H, vs. NH;
Indicator Hydrogen (H,) Ammonia (NH3)
LCOE (USD/MWh) 200-300 150-220
EROI ~4-6 ~5-8
CAPEX Very high: electrolyzers, cryogenic Moderate: synthesis plants, compatible tanks
storage
OPEX High: cooling to -253 °C, Medium: cooling down to -33 °C

compression

State of commercial
readiness

Low (TRL 6-7), requires R&D

Higher (TRL 8-9), partially integrated into
the industry

Notes: TRL - Technology Readiness Level, R&D - Research and Development

Table 7 shows that ammonia is ahead of
hydrogen in terms of economic indicators: its
LCOE (150-220 USD/MWh) is 25-50 % lower, and
its EROI (~5-8) is slightly higher than that of
hydrogen (200-300 USD/MWh and ~4-6,
respectively). At the same time, hydrogen requires
significantly higher capital expenditures (CAPEX)
for electrolyzers and cryogenic storage, and has
high operating costs (OPEX) for cooling to -253 °C
and compression. In contrast, ammonia has
moderate CAPEX for synthesis units and
compatible tanks, and lower OPEX due to
liquefaction at -33°C. Technology Readiness
Levels (TRLs) reflect this difference: hydrogen is

at TRL 6-7 with additional R&D required, and
ammonia is at TRL 8-9 with time to integrate into
the industry. Thus, although hydrogen has a
higher energy potential, ammonia is a more
realistic short- and medium-term alternative for
decarbonizing the maritime fleet in terms of
economic and technological availability.

To demonstrate the impact of strategic
priorities on fuel choice, a scenario analysis was
conducted with varying weights for economic
costs, environmental impact, and risk. The table 8
demonstrates the recommended fuel choice
depending on the shipowner's priorities (cost,
environmental impact, safety).
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Table 8
Scenario analysis of fuel choice
Scenario Priority of Priority of the Security Recommended fuel
expenses environment priority
1. Minimizing High (0.6) Low (0.2) Low (0.2) Ammonia (NH3)
costs
2. Environmental  Low (0.2) High (0.6) Medium (0.2) Hydrogen (H;)
3. Safety priority Low (0.2) Medium (0.3) High (0.5) Hydrogen (H;)
4. Balanced Medium (0.4) Medium (0.3) Medium (0.3) Ammonia or hydrogen (as
appropriate)
The results demonstrate that ammonia is the the contribution of IMO, the European

most cost-effective option due to its well-
developed infrastructure and lower investment
costs. At the same time, hydrogen, which is
characterized by zero emissions and lower
toxicity, should be preferred in terms of
environmental performance and risk-based
safety. In balanced scenarios, the choice depends
on specific operating conditions and geographical
factors.

The comparative analysis reveals that both
hydrogen and ammonia can play major roles in the
decarbonization of maritime transport. The
efficacy of their use is not necessarily universal
but depends on several factors, including types of
vessels, route particulars, availability of
infrastructure, and the level of technological
maturity of the solutions in question. From the
environmental perspective, hydrogen is almost
perfect since it does not produce CO, or toxic
nitrogen oxides when used in fuel cells. However,
if one considers precisely the technological
characteristics: low energy density per volume,
the need for deep cooling or high pressure, and the
lack of established logistics - currently sharply
limit its widespread adoption, especially in long-
distance transportation, and the cost of producing
"green" hydrogen remains high, although it will
decrease in the next decade [32].

Ammonia has proved to be a much more
technological ship fuel, because the processes
involved in its transport and storage can be
carried out on existing infrastructure, for example,
at port liquefied gas terminals, making it less
expensive in the short and medium term. The
given analysis showed that the environmental
advantages of hydrogen lose their significance due
to the high cost of logistics. At the same time,
despite certain operational risks, ammonia seems
to be a more realistic option for large-scale
applications in the coming years. The main issue
remains the reform of the infrastructure in the
absence of public involvement, global
specifications, and demonstration launches;
neither H, nor NH; will move from a concept to a
realistic commercial implementation. That is why

Commission and the government to defining the
regulatory environment and financial incentives
for the industry is essential.

The conducted comparative analysis showed
that hydrogen and ammonia have significant
differences in thermodynamic and logistical
parameters. Hydrogen shows a significantly
higher mass energy intensity - about 120 M]/kg
compared to ammonia, which has only 18.6 M]/kg.
But in volume, hydrogen is inferior: its volumetric
energy intensity is about 8.5 MJ/L, while in
ammonia it reaches 11.5 M]/L, which gives it an
advantage for applications on offshore vessels
with a limited space. This finding confirms that
under strict space constraints, ammonia provides
more energy in a limited volume, while hydrogen
- predominates in specific energy density. In
terms of safety characteristics, hydrogen has a
much wider explosive range (4-75 %),
combustion flames are invisible, and ignition
temperatures are around 560 °C. Ammonia in this
aspect is less explosive (15-28% of air
concentrations), has a noticeable flame and almost
100 °C higher ignition temperature - this reduces
the risks of self-ignition of hydroxides, but the
toxic potential of ammonia (concentrations >
25 ppm) poses other threats. When stored,
hydrogen requires a complex regime - either
extremely low temperatures (-253°C) or high
pressures up to 700 bar, while ammonia is stored
much easier at -33 °C or under a pressure of 10—
20 bar in traditional LPG reservoirs. Thus, our
work confirmed that hydrogen storage is much
more difficult and expensive. We also described
the production of green fuels - water electrolysis
provided «green» hydrogen, and the Haber-Bosch
process, which uses the same hydrogen and
nitrogen from the air, to produce green ammonia.
Both approaches demonstrate the potential to
achieve complete carbon neutrality, provided that
electricity from renewable energy sources is
provided.
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Conclusions

The study conducted a comprehensive
systemic analysis on the alternative marine fuels
of hydrogen and ammonia for technical, economic,
environmental, and operational considerations.
To ensure the objectivity of the assessment, a
formalized methodology was developed, marrying
together a multi-criteria analysis (AHP), stochastic
risk modeling, and life cycle analysis. The results
confirmed that from the economic point of view, in
the short term, ammonia proves better than other
options due to its low specific energy production
cost (LCOE) and CAPEX.

In addition, the existing ammonia storage
infrastructure is much more developed compared
to hydrogen, which simplifies its implementation
in maritime transport. Hydrogen, in turn,
demonstrates  advantages in terms  of
environmental friendliness and operational safety
due to the absence of toxic properties. However,
its use requires substantial capital investments in
cryogenic storage, transportation, and specialized
infrastructure. The proposed integral fuel
acceptability index allows for an objective
assessment of the feasibility of choosing a
particular type of fuel depending on the
shipowner's strategic priorities - economic
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